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Out-of-Plane Behavior of Dowel Type Precast Concrete
Panel-to-Foundation Connections: Existing Connections

Hogan', L.S., Henry, R.S. !, and Ingham, J. M. !

Abstract:

Precast concrete wall panels are a common structural system, particularly in
low-rise industrial and commercial buildings. Such buildings can represent a
large proportion of the building stock, yet the connections between precast
concrete panels and other structural members have been found to perform poorly
in past earthquakes. Fourteen panels were tested to investigate the out-of-plane
performance of common precast panel to foundation dowel connections. Panel
details included both dowel starter bars formed from conventional reinforcing
steel, such has hooked bars, as well as starter bars connected to the panel with
cast in threaded inserts. Panel and connection strengths were varied and panel
details were subjected to both cyclic and monotonic loading. It was found that
the conventional starter bars performed well due to additional strengthening in the
joint region, while the threaded insert panels degraded in strength once flexural
cracking propagated vertically in the joint behind the insert heads and separating
the panel from the starter bars. In instances where connection details were
found to provide inadequate behavior, alternative details were proposed and
tested. These connection details and their performance are reported in a
companion paper entitled: Out-of-Plane Behavior of Dowel Type Precast

Concrete Panel-to-Foundation Connections. Alternative Connections.

1) Department of Civil and Environmental Engineering, University of Auckland, Auckland, New Zealand
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1 INTRODUCTION

Precast concrete panels are a widely used construction form in low-rise industrial buildings. These

buildings can represent a substantial portion of the building stock, and their post-earthquake

functionality has important economic implications given their use as warchouse and distribution

centers. Despite these buildings being typically designed for an elastic or nominally ductile

seismic response, they have been found to perform poorly in earthquakes, often due to failure of

connections (Hamburger et al. 1988, Adham et al. 1996). While, earthquake reconnaissance

following the 2010/2011 Canterbury earthquake sequence in New Zealand found that overall,

precast and tilt-up concrete buildings performed adequately (Henry and Ingham 2011),

vulnerabilities were identified in the out-of-plane response of dowel type panel-to-foundation

connections for panels with a single layer of vertical reinforcing, particularly for panels that utilized

threaded inserts embedded in the panels to connect starter bars to the foundation (SESOC 2013).

An example of a dowel type panel-to-foundation connection is shown in Figure 1. The use of

threaded inserts has become popular in New Zealand for precast panel construction because the

starter bars can be screwed into the panels after they were erected and thus avoided the need to bend

bars for transport and storage thus reducing labor and time on site prior to pouring of the foundation

(Beattie 2007). Because of the low out-of-plane strength of the panels, the demands on the starter

bar reinforcement are typically below yield, and the pullout strength of the inserts often governs the

2
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design of the foundation connection. As such, when the panel is loaded with a joint-opening

moment, the concrete behind the insert head is required to act in tension to complete the primary

load path (Figure 2), and when subjected to large moments, a vertical crack in the panel could

develop as the concrete behind the insert head ruptures causing a significant loss in strength and

stiffness. The limited testing on this type of connection performed by Ma (2000) showed that

while no vertical cracking in the panel joint region was observed when using an embedment depth

to panel thickness ratio of 0.87, the connection could not sustain the nominal moment capacity of

the panel in the joint opening direction. Current practice typically uses a shallower embedment

depth to panel thickness ratio of approximately 0.67, and it is expected that this shallower

embedment could result in brittle joint failure. To investigate the strength and deformation

capacity of typical threaded insert connections, a series precast panel to foundation connections of

different nominal panel and joint connection strengths were subjected to out-of-plane loading.

Performance of threaded insert connections was compared to connections without inserts that

utilized starter bars with conventional hooked bar anchorage, as these are also a common

connection type with potentially similar vulnerabilities as the threaded insert connections.  Finally,

where connection details were found to provide inadequate behavior, alternative details were

proposed and tested. These details and their performance are reported in a companion paper

entitled: Out-of-Plane Behavior of Dowel Type Precast Concrete Panel-to-Foundation Connections.
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Figure 1: Schematic representation of a dowel Figure 2: Strut and tie representation of load

type precast panel to foundation connection path for panel to foundation connection using

utilizing threaded inserts. threaded inserts with a shallow embedment
depth

2 TEST DESCRIPTION

2.1 Prototype Development

Test panel detailing was determined from a survey of over 4700 panels produced by precast
companies throughout New Zealand (Seifi et al. 2016). From this survey it was determined that
panel dimensions in low-rise industrial buildings were typically 10 m tall, between 2 to 3 m wide,
and 150 mm thick. These panels typically only support their self-weight as gravity load and are
incorporated in buildings with light flexible diaphragms constructed of steel decking and wall
lengths that are between 10 to 60 m. This low level of seismic demand and the panel geometry

mean that often only minimum reinforcement is required, and this reinforcement is typically either

4
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grade 500 (fy = 500 MPa) 12 mm or 16 mm diameter bars (i.e. HD12 and HD16) in a single layer

(or curtain).

Due to the difficulty in testing full scale panels, a prototype panel was developed based upon a 10 m

tall panel with fixed base and pinned top boundary conditions subjected to a uniform distributed

load representing the inertial face loading of the panel in the out-of-plane direction, as shown in

Figure 3. The moment and shear demands on the bottom 2.5 m height of the panel were

approximately equivalent to that of a point load at the top of a 2.5 m cantilever panel. As the

out-of-plane response was being investigated, only a unit width of panel was tested to allow for all

requisite panels to fit on the test site. From these considerations the test panels were constructed to

be 2.5 m tall and were cast into a self-reacting test set up, as shown in Figure 4. Panels were

erected on top of a 200 mm tall strip foundation and starter bars were installed or bent into place as

required, after which the foundation beam was constructed in-situ. Load was applied to the panel

top by a hydraulic jack reacting against a steel column that was bolted to the foundation opposite

the panel. Apart of the panel self-weight, no additional axial load was applied as axial load ratios

of these panels are typically low (~0.4% Agfc’).
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2.2 Test Panel Description

Based upon the panel survey by Seifi et al. (2016), fourteen panels were constructed using nine

different reinforcement configurations, which are summarized in Table 1. All panels were

2500 mm tall and 150 mm thick with a single layer of reinforcing in the center of the panel.

Twelve of the fourteen panels were 900 mm wide with the other two panels being 1062 mm wide.

Panel strength, foundation height and connection type were varied to investigate the behavior of

typical panels as was determined by the panel survey. The panel to foundation connections of

these panels fall into three main categories: a bolted through connection that served as a control

specimen, conventional starter bars, and starter bars using threaded inserts.

The control specimen (BLT12-CO0) utilized starter bars that extended all the way through the panel

and were bolted to steel rectangular hollow sections on the back face of the panel as is shown in

Figure 5. While this connection type is not used in practice, it was tested as a control case because

the extension of the starter bars through the panel provided a tension tie into the compression zone

of the panel during joint-opening moment. As such, the load path described in Figure 2 no longer

had to rely upon concrete acting in tension and thus avoided the brittle failure mechanism caused by

vertical cracking of the panel in the joint region. The panel had HD 12 (diameter = 12 mm, fy=

500 MPa) vertical reinforcing at 270 mm spacing and HD 10 (diameter = 10 mm, fy= 500 MPa)

horizontal reinforcing at 200 mm spacing. The eight starter bars were aligned with the vertical



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

reinforcing and were distributed in two rows 85 mm from both the top and bottom of the 450 mm

tall foundation (Figure 5b).

Two versions of conventionally reinforced starter bar connections were tested to compare the

performance of conventionally anchored starter bars to those anchored with threaded inserts. The

first conventional starter bar panel utilized two layers of “L” type starter bars (Panel DL12-C50)

and the other panel used “U” bars (Panel U12-C50), also commonly referred to as “hairpin” starter

bars. Both panels had the same HD 12 vertical reinforcing at 270 mm spacing and HD 10

horizontal reinforcing at 200 mm spacing as the bolted through control panel as well as a 450 mm

tall foundation. Panel DL12-C50 utilized two rows of four D12 (diameter = 12 mm, fy= 300 MPa)

hooked bars with 600 mm returns aligned with the vertical reinforcement as starter bars (Figure 6a),

while Panel U12-C50 utilized four D12 bars bent in a “U” shape as starter bars (Figure 6b). Both

conventional starter bars utilized D12 bars at the bends of the hooks or U bars to develop the bar in

the panel. Grade 300 reinforcing (fy= 300 MPa) was used for the conventional starter bars to align

with typical detailing practice and allow for the bars to be bent up flush to the panel face for storage

and transport and re-straightened for panel erection. Starter bars in Panels DL12-C50 and

U12-C50 were bent and re-straightened to simulate this construction practice.

The threaded insert connections were tested in different configurations of panel strength, insert

embedment depth, and insert spacing. Different panel and foundation strengths were investigated
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by testing panels with either HD12 vertical reinforcing at 270 mm centers or HD16 (diameter = 16

mm, fy= 500 MPa) at 270 mm centers. The starter bars used for the threaded insert panels were a

propriety reinforcement with the same mechanical properties to the HD bars, but with deformations

that allowed it to be threaded into the cast-in-inserts, and are denoted as RB and the diameter of the

reinforcing (e.g. RB12 for 12 mm diameter bars) in this paper. Starter bars had the same diameter

as the vertical reinforcing (e.g. 12 mm diameter starter bars for panels with HD12 vertical

reinforcing). Panels that utilized 12 mm vertical reinforcing and starter bars are denoted with the

prefix TI12 in Table 1 and Figure 7, and those that utilized 16 mm vertical reinforcing and starter

bars have a prefix TI16 in Table 1 and Figure 8. All 12 mm insert panels except Panel

TI12-C50-FC and TI12-C50-FC-M had 350 mm tall foundations which are common for panels of

these strengths while, the 16 mm inserts were cast into a 710 mm tall foundations to investigate the

behavior of deeper foundations which are found in stronger panels that are likely to attract larger

overturning forces (Seifi et al. 2016).

The effect of insert embedment depth was examined by testing panels of using two different insert

sizes and construction methods that varied the embedment depths. The base case for both the

12 mm inserts and 16 mm inserts was such that the insert was installed flush with the panel face and

had an embedment length equal to that of the insert length. These panels are Panel T112-C50 and

TI16-C32 for the 12 mm starter bar and 16 mm starter bar panels respectively, where C50 and C32
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refers to the clear cover (50 mm or 32mm) behind the insert head to the back of the 150 mm thick

panel. As an alternative to casting the insert flush with the panel face, Panels TI12-C42 and

Panels TI16-C24 utilized an 8 mm thick plastic nail plate, which is commonly used to mount

threaded inserts to formwork and resulted in a reduced cover of 42 mm and 24 mm, respectively.

This configuration was investigated to determine whether or not the additional embedment depth

improved the performance as well as to inspect the effect of filling the nail plate void during

foundation pouring has on the stiffness of the connection and slip of the starter bars in the insert.

The configuration and spacing of the inserts in the foundation was also investigated to determine

the consequence of overlapping failure cones, initiated during insert pullout, on the behavior of the

connection. All inserts had a minimum horizontal spacing of 300 mm and consisted of two rows

of three inserts for all insert panels, and as such the inserts were not aligned with the vertical

reinforcing (Figure 7c and Figure 8c). Such detailing is common in practice as inserts are often

puddled into fresh concrete and such spacing allows the inserts to be installed without conflicting

with the vertical reinforcement. For both the 12 mm and 16 mm inserts, two panels were

constructed that allowed for the inserts to develop the full theoretical failure cone without failure

cones of adjacent inserts overlapping based on the design equations present in the New Zealand

Concrete Structures Standard, NZS 3101:2006 (Standards New Zealand 2006), which are the

equations as those in Appendix D of ACI 318-08 (ACI 2008). These panels had the inserts

10



160  installed flush with the panel face and are denoted as TI12-C50-FC and TI16-C32-FC. Panel
161  TI12-C50-FC was cast with a 710 mm foundation and Panel TI116-C32-FC was cast with a slightly
162  wider panel to accommodate these failure cones.
Table 1: Test panel connection details
Connection Vert Foundation  Cover behind  Starter bars
Panel Name Connection Type Description Reinf  Height (mm)  insert (mm) per layer
BLT12-CO Control Bolted through HDI12 450 N/A 4
DL12-C50 Conventional Starter Bar Double L — D12 HDI12 450 50 4
U12-C50 Conventional Starter Bar U Bar- D12 HDI12 450 50 4
TI12-C50 Threaded Insert TI12 HDI12 350 50 3
TI12-C42 Threaded Insert TI12 + Nail plate =~ HD12 350 42 3
TI12-C42-M Threaded Insert TI12 + Nail plate ~ HDI2 350 42 3
TI12-C50-FC Threaded Insert TI12 Full Cone HD12 710 50 3
TI12-C50-FC-M Threaded Insert TI12 Full Cone HDI12 710 50 3
TI16-C32 Threaded Insert TI16 HD16 710 32 3
TI16-C32-M Threaded Insert TI16 HD16 710 32 3
TI16-C24 Threaded Insert TI16 + Nail plate ~ HD16 710 24 3
TI16-C24-M Threaded Insert TI16 + Nail plate ~ HDI16 710 24 3
TI16-C32-FC Threaded Insert TI16 Full Cone HD16 710 32 3
TI16-C32-FC-M Threaded Insert TI16 Full Cone HD16 710 32 3
2 TI = Threaded Insert; number following is diameter of starter bar
M in panel name denotes monotonic loading
¢ All vertical reinforcing spaced at 270 mm
163
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2.3 Testing Protocol

Nine of the fourteen panels tested were subjected to cyclic loading using a loading protocol that was
developed based on recommendations by ACI (2007, 2013) which is shown in Figure 9. The
protocol consisted of one load controlled cycle at 60% of theoretical panel yield followed by three

cycles of displacement controlled cycles at increasing drift levels. Target drift levels were 0.5%,

14
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1.0%, 1.5%, 2.0%, 3.0%, 4.5% and 6.25% drift calculated using the height of the 2.5 m cantilever

panel.

Five panels were subjected to monotonic loading to investigate the load path vulnerability in the

joint-opening direction directly and determine if the failure mechanism was sensitive to cyclic

loading. These panels were constructed using the same reinforcing and connection details as

panels subjected to cyclic loading but are denoted with an “M” in Table 1.

5.0%
4.0%
3.0%
2.0%
1.0%
0.0%
-1.0%
-2.0%
-3.0%
-4.0%
-5.0%

Cantilever Drift

0 2 4 6 8 10 12 14 16
Cycle Number

Figure 9: Loading protocol used for cyclic testing

2.4 Instrumentation

In addition to measurement of the applied lateral force and top panel deformation, the

panel-foundation connection joint was instrumented with several displacement transducers. The

panels were tested in two phases and so two different instrumentation schemes exist for the panels

with 450 mm foundations and those that used either 350 m or 710 mm foundations as is shown

Figure 10 and Figure 11 respectively. For both instrumentation set ups, the opening of the vertical

joint at the panel and foundation interface and the potential for vertical cracking to develop in the
15
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panel were measured at the top, bottom, and mid-height of the foundation. Gauges PG_Top,

PG _Mid, PG_Bot measured the gap development between the panel and foundation, and gauges

PG _Top CR, PG_Mid CR, and PG_Bot CR measured vertical cracking in the panel for the 450 mm

tall foundation specimens (Figure 10c,d). Gauges PG_Top, PG_Mid, and PG_Bot measured both

the gap development between panel and foundation as well as vertical panel cracking for the

350 mm and 710 mm foundation specimens (Figure llc,d). Gauge PG Crack provided an

independent crack width measurement for the 350 mm and 710 mm foundation specimens (Figure

11d). Horizontal displacement just above and below the panel was also measured (gauges

LVDT Top and LVDT Bot in 450 mm tall foundations and PG_Gap A and B for the 350 mm and

710 mm foundation specimens). The potential for panel uplift and additional rotation about the

10 mm thick shims that supported the panel during construction was measured using gauges

PG VB A and B 350 mm and 710 mm foundation specimens, and the panel curvature was

estimated using the gauges with the prefix PG V1 or PG V2 for the 450 mm tall foundation

specimens. Finally, strain gauges were mounted on the starter bars 20 mm into the foundation.
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3 TEST RESULTS

As the panels represented the bottom 2.5 m of a 10 m panel, global behavior of the panels is

presented in terms of moment-rotation to characterize the connection behavior. The moment is

that is applied to the panel at the top level of the foundation, and the rotation is the calculated from

the inverse tangent of the lateral deformation at the applied load divided by the distance from the

load to the top level of the foundation. While alternative methods of determining the applied

moment and rotation on the connections could be considered due to the influence of the joint on the

out-of-plane behavior, the above method was chosen to allow for consistent comparison between

panels and directions of loading and is also consistent with the demands that would be estimated by

the design engineer. Rotation of the panel to foundation connection joint was determined from the

inverse tangent of the displacement at foundation level over the distance to the calculated center of

rotation of the joint. The center of rotation was calculated from the relative displacements

measured from transducers on the foundation connection.

3.1 Bolted Connection: Control Specimen

Panel BLT12-CO0 was tested to benchmark the cyclic panel behavior by providing a clear load path

that was consistent with the strut and tie load path described in Figure 2. Panel cracking initiated

at 0.5% drift at the foundation level in both joint-opening and joint-closing direction with a

corresponding cracking moment of 13.5 kN-m and an initial lateral stiffness of 2.85 kN/mm.
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Three additional flexural cracks formed at approximately 150 mm intervals above the initial crack

at the foundation level, as can be seen in Figure 12. These additional cracks formed during both

the 1% and 1.5% drift cycles. Crack opening concentrated at the foundation level with the

foundation level cracks opening to a width of 4 mm at 4.5% drift. From the global

moment-rotation hysteretic plot shown in Figure 13, it can be seen that the panel reached nominal

moment capacity in both the joint-opening and joint-closing directions with strength increases

observed until the panel reached 3% drift with an 18 kN-m capacity in the joint-opening direction

and a 25 kN-m capacity in the joint-closing direction. Above 3% drift the strength capacity in

each respective loading direction remained constant until the final cycle at 6.5% drift. No

degradation was of strength was observed between different drift levels and the test was ended at

6.5% drift due to limitations of jack stroke. No cracking was observed in the joint (Figure 12),

which was consistent with the expectations that the detail provide a clear load path based upon the

strut-and-tie model in Figure 2.

Significant pinching in the hysteretic behavior was observed, particularly in drift levels above 2.0%

(Figure 13). This pinching resulted from inelastic extension of the single layer of reinforcement

coupled with low axial load which meant that the reinforcement did not yield in compression and so

flexural cracks could not close until the panel translated through a rotation that was greater than the

previous cycle. Panel BLT12-CO also displayed a significant amount of asymmetry in the

20
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hysteretic response (Figure 13). The panel exhibiting a lower strength and stiffness in the when

subjected to joint-opening moments, with the panel not reaching nominal moment capacity in the

joint-opening direction until 1.5% drift as opposed to the joint-closing direction in which nominal

moment capacity is reached on the first cycle. Due to the symmetric vertical reinforcing layout,

the asymmetric response is a result of the joint geometry and reinforcing. For joint-closing

loading, the panel bears against the top of the foundation and the starter bars are located such that

the foundation interface has greater moment capacity than the panel, thus allowing the panel to

develop its nominal capacity and subsequent over-strength as expected. When loaded in the

joint-opening direction, the panel-foundation interface cracks, and the panel is loaded with an

increased moment arm as it is bearing against a location below the foundation level with the top

starter bar in tension. The additional joint-opening moment is combined with the flexibility of the

starter bars deforming in tension to reduce the lateral stiffness in the joint-opening direction.

The asymmetric response is also observed in decrease in strength for subsequent cycles at a given

drift level. In the joint-closing direction, there is approximately a 5% drop in strength for

subsequent cycles at a given drift level, but in the joint-opening direction the decrease in strength

for subsequent cycles at a given drift rotation is as much as 37%. The significant strength

degradation in the joint-opening direction is likely results from concentrated yielding of the starter

bars as they deform at the panel-foundation interface and within the oversized PVC duct.
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A comparison between the measured joint and panel rotations with respect to applied moment at the

foundation level is shown in Figure 14. The joint rotation is calculated by first determining the

center of rotation in the joint from the portal gauge sensors on the foundation interface (Figure 10

and Figure 11) and calculating the inverse tangent of between the horizontal displacement at the top

foundation sensor and the center of rotation. The horizontal displacement of the panel at the top of

the foundation includes both the separation at the panel-foundation interface as well as any potential

vertical cracking that could form in the panel joint region. The panel rotation is calculated by the

inverse tangent of the displacement at the applied load minus the displacement of the top foundation

sensor divided by the distance from the load to the top level of the foundation. Most the

deformation observed in the test was a result of panel rotation at the large flexural crack at the

foundation level, with panel rotation being approximately ten times larger than the joint rotation in

the joint-opening direction. Figure 14 supports that the reduced stiffness in the joint-opening

direction resulted from joint deformations as the joint rotations joint-opening direction are

approximately seven times larger than those in the joint closing direction. This discrepancy was

expected as in the joint-opening direction the center of rotation occurred between the two layers of

starter bars and the moment arm in the joint is between one half and one third of the foundation

depth depending on drift level, while in the joint-closing direction, the panel bears against the

foundation and the bottom dowels is in tension thus allowing almost the full depth of the foundation
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to resist the applied moment.

(a) Front of panel from Side A

- "'I‘ e (i
(b) Side B joint behavior

Figure 12: Damage of Panel BLT12-CO0 at -4.5% Drift
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Figure 13: Global Moment-Rotation behavior Figure 14: Comparison between rotation in

of Panel BLTI12-CO with 4.5% drift cycle panel
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rotation correspond to joint-opening behavior.

3.2 Behavior of Details using Conventional Starter Bars

The damage state following cyclic testing of the two panels that utilized conventional starter bar

details, Panels DL12-C50 and U12-C50, is shown in Figure 15. For the panel that utilized two

rows of 600 mm 90-degree hooks, Panel DL12-C50, cracking initiated at 0.5% drift in the

joint-opening direction at the foundation level. In the joint-closing direction, four flexural cracks

formed starting at the foundation level and at 150 mm increments at 0.5% drift. The panel had an

initial stiffness of 3.4 kN/mm and cracking was a result of 13.8 kN-m at the foundation level. The

crack at 600 mm above foundation had largest opening with a crack width of 2 mm at 2% (Figure

15). The large opening of this crack is due to its location directly above the returns of the hooked

bar returns that formed the starter bars (Figure 6a), as these bars effectively tripled the vertical

reinforcement ratio and strength below this crack. At 6.5% drift, crack opening was concentrated

just above the hook returns at 600 mm above the foundation in both the joint-opening and

joint-closing directions. An opening of 8 mm was observed at this crack location, and in the

joint-opening location a 1.8 mm separation at the panel-to-foundation joint represented the other

significant deformation that was observed at this drift level. Except for the separation between the

panel and the foundation, no damage was observed in the joint.

The overall moment-rotation response of Panel DL12-C50 is shown in Figure 16. The panel was
24
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able to achieve nominal moment capacity in both directions and exceeded nominal moment

capacity in the joint-opening direction after 3% drift level and in the joint-closing direction at 0.5%

drift. The panel reached a maximum strength of 21.3 kN-m in the joint-opening direction at 4.5%

drift after which the strength degraded to 18.5 kN-m at 6.5%. In the joint-closing direction, the

panel showed an increase in moment capacity until a maximum of -33.8 kN-m was reached at 6.5%

drift. The increased capacity in the joint-closing direction is a result of the returns from the starter

bars being offset from the vertical reinforcing and away from the foundation (Figure 6a), which

resulted in an deeper effective section in the joint-closing direction. The panel exhibited similar

pinched hysteretic behavior to that which was observed in the BLT12-CO panel due to the

elongation of the reinforcing requiring rotations in excess of the previous cycle before the flexural

cracks would close. Cyclic testing was completed at 6.5% drift due to reaching the jack stoke limit.

No damage was observed in the joint region, but significant crack widths were noted in the panel.

The comparison between joint and panel rotation with respect to applied moment at the foundation

level is shown in Figure 17. No significant joint rotation in the joint-closing direction occurred in

Panel DL12-C50 with a magnitude of less than 1 mrad. In the joint-opening direction a maximum

of 8 mrad rotation occurred in the joint, which is a similar amount of joint deformation in the

joint-opening direction as the control specimen (BLT12-CO0). The small amount of joint-deformation

in the joint-closing direction results from the additional reinforcing from the hooks in the joint
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region forcing deformations to concentrate higher in the panel

Panel U12-C50 maintained similar strength and stiffness in both joint-opening and joint-closing

directions without significant damage to the joint (Figure 15). The panel had an initial stiffness of

3.2 kKN/mm and cracking initiated at foundation level at 0.5% drift in joint-opening direction when

subjected to a 19.6 kN-m moment. At 1.0% drift, an additional flexural crack opened

approximately 150 mm above the foundation level on both sides of the panel. These were the only

two cracks to open on the panel face during the test and opened to a maximum 4 mm at the

foundation and 6 mm at upper crack in both the joint-opening and joint-closing direction at 4.5%

drift. Vertical cracking was observed on panel sides but remained narrow in the joint region and

did not appear to signify the onset of breakout at the joint. Instead these vertical cracks appeared

to result from prying action on the vertical reinforcement and the lack of shear reinforcement in the

out-of-plane direction of the panel.

Panel U12-C50 exceeded the nominal moment capacity of the panel at 0.5% drift level in both

directions (Figure 16). The panel appeared to reach yield at this drift level as the strength

remained constant at approximately -18 kN-m for each drift level in the joint-closing direction. In

the joint-opening direction, the panel increased in strength from 19.6 kN-m at 0.5% and 1.0% drift

levels up to 25.4 kN-m at 4.5% drift. The discrepancy in strengths between the two directions

aligns with what would be expected if the vertical reinforcing was offset from center by 10 mm,
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which would be possible if the 75 mm tall reinforcing chairs were oriented 90° prior to casting.

No significant reduction in strength was observed between drift levels and the test was completed

due to stroke limitations on the loading jack. Slight spalling at the cracks was observed at the later

cycles and it is expected that panel would have failed in a flexural failure rather than joint failure

due to the large deformations in the flexural cracks.

Panel U12-C50 also had similar joint rotations to the idealized BLT12-CO connection (Figure 17).

The better than expected performance of Panel U12-C50 likely results from efficient transfer

between the vertical reinforcement and the starter bars. Because the starter bars were of Panel

U12-C50 were tied directly to the vertical reinforcement and well anchored, the panel was able to

more effectively transfer loads between the panel and the foundation than threaded insert panels

with similar cover depth behind the starter bars as discussed in the next section.

DL12-C50 U12-C50
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Figure 15: Damage to specimens with conventional 12 mm starter bars at maximum joint-opening

drift
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Figure 16: Global moment-rotation behavior of panels with conventional 12 mm starter bars.
Positive values of moment and rotation correspond to joint-opening behavior.
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Figure 17: Joint vs panel moment-rotation behavior of panels with conventional 12 mm starter bars.
Positive values of moment and rotation correspond to joint-opening behavior.
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3.3 Behavior of Details using Threaded Inserts

3.3.1 12 mm Starter Bars

Three panel details utilizing 12 mm threaded inserts were tested and included Panels TI12-C50,

TI12-C42, and TI12-C50-FC. The observed damage of these panels at the end of cyclic testing is

shown in Figure 18 while the observed damage to the panel joint following demolition and removal

of the panel is shown in Figure 19. The global moment-rotation hysteretic behavior is shown in

Figure 20 and the joint rotations and crack widths forming on the side of the panels due to concrete

breakout behind the inserts are provided in Figure 21 and Figure 22 respectively. It should be

noted that the calculated joint rotation includes deformation arising from both separation between

the panel and foundation as well as any vertical cracking in the panel in the joint region.

TI12-C50 TI12-C42 TI12-C50-FC

Figure 18: Damage to specimens with 12 mm starter bars at maximum joint-opening drift
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Figure 19: Observed joint damage to 12 mm insert panels following panel demolition
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Figure 20: Global moment-rotation behavior of panels with 12 mm starter bars and inserts. Positive

values of moment and rotation correspond to joint-opening behavior.
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TI12-C50 TI12-C42 TI12-C50-FC

Figure 21: Joint vs panel moment-rotation behavior of panels with 12 mm starter bars and inserts.

Positive values of moment and rotation correspond to joint-opening behavior.
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Figure 22: Typical width of vertical crack forming behind threaded insert with respect to panel

rotation for panels with 12 mm starter bars

3.3.1.1 Panel TI12-C50

Panel TI12-C50 utilized two rows of three inserts which were installed flush to the panel-foundation
interface with an embedment depth of 100 mm (Figure 7a). The panel had an initial stiffness of
1.4 kN/mm and cracking initiated in the panel just above foundation level at 0.5% drift when
subjected to an 11.4 kN-m moment. An additional flexural crack formed approximately 300 mm
above foundation at 1% drift, and the crack at foundation level began to extend vertically towards
the base of the panel. At 1.5% drift, an additional flexural crack at 150 mm above foundation, and
the vertical crack in joint began to extend down to the level of the top dowels, and by 3% drift the

vertical crack in the joint had extended down to 120 mm below foundation level with a width of
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0.6 mm at the top end. At 4.5% drift, the panel vertical cracking continued to extend to three

quarters the depth of the foundation and curved around back towards the foundation, similar to a

cone breakout crack pattern (Figure 18). At 6% drift, the vertical crack extended to within 25 mm

of the base of the panel, and post-test demolition of the panel revealed that a breakout-style failure

plane had formed behind the top level of inserts (Figure 19).

Overall the panel had experienced a stable hysteretic response, but with significant pinching. The

specimen reached the nominal moment capacity of the panel at 2% drift, and by 3% drift the panel

had reached its maximum strength of 20.4 kN-m in the joint-opening direction and 17 kN-m in the

joint-closing direction (Figure 20). Most of the deformation occurred in the panel, but

joint-opening rotations were a maximum of 14 mrad which is about 1.7 times larger than the

corresponding joint-opening rotations in Panel U12-C50, mostly due to the addition of vertical

cracking in the panel joint region. Joint-closing rotations were similar to those in the joint-opening

direction because the vertical crack behind the inserts remained open even when subjected to

joint-closing moment, as can be seen in Figure 22.

3.3.1.2 Panel TI12-C42

Panel TI12-C42 utilized an 8 mm thick nail plate to install the inserts, which was removed prior to

casting the foundation. As such the end of the insert where the starter bar was threaded in was not

located at the panel-foundation interface. Similarly to Panel TI12-C50, Panel TI12-C42 had an
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initial stiffness of 2.1 kN/mm and experienced initial cracking at the foundation level at 0.5% drift

when subjected to a 13 kN-m moment. At 1% drift, a second flexural crack formed 200 mm above

the foundation, and vertical cracking in the panel joint initiated from the flexural crack at the

foundation level and extend to 50 mm below the foundation level. By 2% drift, this vertical crack

had extended to 100 mm below the foundation level, but was still of less than 0.5 mm limited width.

At 3% drift no new cracks had formed and the deformation concentrated at the foundation level.

The vertical crack extended to over half the depth of the foundation and opened up to a similar

width as the flexural crack in the panel where it initiated. Cracking was observed over the entire

height of the panel-foundation interface and resulted from both joint-opening and joint-closing

actions. At 4.5% drift the vertical crack in the joint extended to within 25 mm of the bottom of the

panel and has opened up to over 2 mm (Figure 18). As can be seen from post-demolition

inspection in Figure 19, a breakout-style failure plane formed behind all of the inserts in a similar

manner to that which was observed in Panel T112-C50.

The panel exhibited hysteretic behavior similar to the other panels at low drifts. In the

joint-opening direction, the panel reached capacity at 2.0% drift with a moment capacity of

21.1 kN-m, after which the peak response degraded to 8.3 kN-m during the second cycle of the

4.5% drift level. In the joint-closing direction, the panel increased strength with each cycle until it

reached an ultimate capacity of -17 kN-m at -3.0% drift, which was only just slightly over the
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nominal moment capacity of the panel. The panel moment capacity dropped in the following

cycle due to the damage sustained to the joint in the joint-opening direction. This joint damage

resulted in significant joint rotations of up to 35 mrad, which was almost three times as large as that

observed in Panel TI12-C50 (Figure 21) and equal to approximately half of the rotation that

occurred due to the panel deformations. These large joint rotations were a result of the vertical

crack in the joint which opened up to 6 mm wide (Figure 22). As with the other tested specimens,

significant hysteretic pinching was observed due to elongation of the single layer of reinforcing,

which may have been exacerbated by the low joint stiffness and vertical cracking of the panel in the

joint region.

The addition of the nail plate appears to have caused the panel to perform worse than if it were

neglected. When no nail plate was used and the insert was at the panel-foundation interface, such

as on Panel TI12-C50, there was a larger crack opening the panel and foundation interface than

when for Panel TI12-C42 which utilized a nail plate. This additional interface opening likely

resulted in slip of the threaded bar in the insert, which Ma (2000) noted was an average of 0.28 mm

for this type of threaded insert. This additional flexibility would have reduced the joint-opening

rotational demand on the panel demand for a given the same level of drift as can be seen in the

hysteretic response in Figure 20 and would have resulted in less breakout behind the inserts (Figure

19).

34



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

3.3.1.3 Panel TI12-C50-FC

Panel T112-C50-FC had threaded inserts installed in a similar method as Panel TI12-C50, except

they were spaced both horizontally and vertically such that the theoretical failure cones of adjacent

inserts did not intersect. To accommodate this spacing, the panel was connected to a 710 mm deep

foundation. The panel had an initial stiffness of 5.6 kKN/mm and cracking initiated at the

foundation level at 0.5% drift. At 1% drift an additional flexural crack opened at approximately

200 mm above foundation and a vertical crack extended from the foundation level flexural crack

into the panel joint. An additional crack at panel-foundation interface formed during joint-opening

which extended downwards at approximately 30° towards the joint on one of the panel edges.

Vertical cracking at mid-depth of panel was observed extending from both flexural cracks in both

upwards and downwards direction. These cracks appear to result from prying of the vertical

reinforcement and lack of shear reinforcement in the out-of-plane direction rather than due breakout

of the joint. At 2% drift, the vertical crack in the joint extended to 75 mm below foundation, and

the interface crack which extended downwards towards the joint at 45° appeared on the opposite

panel end. This angled crack extended to a depth of approximately 120 mm below the foundation

and ended at mid-depth of the panel. This crack also extended to the foundation, resulting in a

small amount of spalling, and suggested that the dowel was deforming at the interface. At the 2%

drift level the panel reached a maximum strength of 22.6 kN in the joint-opening direction. The
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panel was able to maintain a similar strength in the joint-opening direction out to 6.5% drift, but

with a significantly pinched hysteresis. The panel also reached a maximum joint-closing strength

of -14.6 kN at 2% drift, which was below the nominal moment capacity of the panel. A steady

strength degradation was observed in the joint-closing direction between the 3.0% and 6.5% drift

levels. By 4.5% drift, the vertical crack extended to approximately 200 mm below foundation,

which was the location of the top row of dowels, and the joint crack angled at 45° opened to

4.0 mm in the joint-opening direction. In the joint-closing direction, the flexural crack at the

foundation level opened on the tension face to a width of 8.0 mm and the flexural crack on the

compression side did not fully close, which would explain the reduction in apparent strength in this

direction. The vertical crack in the joint remained open and the panel appeared to “kick out” at the

foundation level. Post-demolition investigation did not reveal any break out behind dowels

(Figure 19), and crushing of the compression zone started to occur at 6.5% drift.

As shown in Figure 21, Panel TI12-C50-FC exhibited a similar magnitude of joint rotation in the

joint-opening directions as observed in Panel DL12-C50, even though a crack width of up to

2.5 mm was measured (Figure 22). It is expected that this limited rotation was observed because

the foundation was twice as tall as the other 12 mm insert connections and the location of the insert

205 mm below the foundation line (Figure 7e) meant that the vertical crack in the panel only just

reached the level of the top row of starter bars and as such the panel connection still was able to
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maintain fixity with the top row of starter bars.

3.3.2 12 mm Starter Bar Monotonic Tests

Several monotonic tests were also performed on panels to investigate the joint-opening behavior of

the panels directly, or in the case of Panel DL12-C50, a monotonic push to failure using as steel

packer to increase the tested displacement after cyclic loading. Figure 23 and Figure 24 show that

the panels with threaded insert connections behaved similarly when subjected to either cyclic or

monotonic loading, with a vertical crack propagating behind the inserts of the panels with a 350 mm

tall foundation and relatively little damage occurring in the joint of the panels with a 710 mm tall

foundation. The change in failure mechanism for the different foundation heights suggests that the

failure mechanism described in Figure 2 is dependent upon the relative strength between the panel

and foundation connection.

Panel DL12-C50, which during cyclic loading had damage concentrated at the point where the

starter bar hooks terminated, failed during monotonic loading by splitting of the panel at the depth

of the vertical reinforcement (Figure 23). This failure was brittle when compared to the panels

with inserts as can be seen from the relative rotations of the joint and panel in Figure 21 and Figure

25. During monotonic loading the panel lost strength rapidly after a rotation of 110 mrad and

significant joint rotations were detected as the vertical crack propagated behind the vertical

reinforcement. Conversely, Panel TI12-C42 experienced large joint rotations as a result of vertical
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478  cracking behind the inserts, but lost strength in a more controlled manner.

TI12-C42-M TI12-C50-FC-M DL12-C50

Figure 23: Damage to specimens with 12 mm starter bars following monotonic pushover in

joint-opening direction
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3.3.3  Behavior of Details using 16 mm Starter Bars

Three panel details utilizing 16 mm threaded inserts were tested and included Panels TI16-C32,

TI16-C24, and TI16-C50-FC. These details were tested both cyclically and monotonically, with

the specimens that were tested monotonically denoted with an “M”. The observed damage of

these panels at the end of cyclic testing is shown in Figure 26 while the observed damage to the

panel joint following panel demolition is shown in Figure 27. The global moment-rotation

hysteretic behavior is shown in Figure 28 and the joint rotations and crack widths forming behind

the inserts are provided in Figure 29 and Figure 30 respectively. It should be noted that the

calculated joint rotation includes deformation arising from both separation between the panel and

foundation as well as any vertical cracking in the panel in the joint region.

TI16-C32 TI16-C24 T116-C32-FC

39



TI16-C32-M TI16-C24-M TI16-C32-FC-M

Figure 26: Damage to specimens with 16 mm starter bars at maximum joint-opening drift

490
TI16-C24
T116-C32-M TI16-C24-M TI116-C32-FC-M
Figure 27: Observed joint damage to 16 mm insert panels following panel demolition
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Figure 28: Global moment-rotation behavior of panels with 16 mm starter bars and inserts. Positive

values of moment and rotation correspond to joint-opening behavior.
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Figure 29: Joint vs panel moment-rotation behavior of panels with 16 mm starter bars and inserts.

Positive values of moment and rotation correspond to joint-opening behavior.
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Figure 30: Typical width of vertical crack forming behind threaded insert with respect to panel

rotation for panels with 16 mm starter bars

494 3.3.3.1 Panel TI16-C32

495  Panel TI16-C32 was constructed with threaded inserts installed flush to the panel-foundation

496  interface with and embedment depth of 118 mm (Figure 8a). The panel had an initial stiffness of

497 4.4 kN/mm with cracking just above the foundation level occurring at 15.8 kN-m. At 1% drift in

498  the joint-opening direction, a vertical crack propagated from the foundation level flexural crack at
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mid-depth of the panel and extended to 100 mm below the foundation level. An additional

flexural crack opened when loaded in the joint-closing direction approximately 280 mm above the

foundation height. During the 2% drift cycle, the vertical crack in the joint extended to 150 mm

below foundation and a third flexural crack formed at 500 mm above foundation. The panel

exceeded its nominal moment capacity in the joint-opening direction at 3.0% drift with a maximum

strength of 26.9 kN-m that was sustained in subsequent joint-opening drift levels.  Vertical

cracking formed at the mid-depth of the panel at the other flexural cracks and extended both in the

upwards and downwards direction by 50 mm to 75 mm. In the joint-closing direction the panel

reached nominal capacity at 3% drift and increased in strength to -32 kN at 4.5% drift until strength

degradation occurred during the 6.75% cycle to a joint-closing capacity of -27.5 kN. By the 4.5%

drift level, the vertical crack in the joint extended 225 mm below the foundation level and was

2.0 mm wide at the flexural crack and 1 mm wide at 120 mm below the foundation level (Figure 30),

and at 6.75% drift vertical crack in the joint extended to 250 mm below foundation causing a joint

rotation of 20 mrad (Figure 29). Following post-test demolition, it was apparent that breakout had

occurred behind two of the three threaded inserts (Figure 27).

The monotonically loaded panel, Panel TI16-C32-M, exhibited similar crack propagation as the

cyclically loaded panel, but showed a 20% increase in observed strength when compared to the

cyclically loaded specimen TI16-C32 (Figure 28). The crack propagation in TI16-C32-M also
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included the extension of vertical cracks at mid-depth of the panel from each flexural crack, except

there was a greater opening of the vertical crack between the foundation level flexural crack and the

flexural crack that occurred 200 mm above the foundation line (Figure 26). At 6% drift, the

vertical crack at panel mid-depth between the first two flexural cracks connected, and at 8% drift

had opened to at least 2.0 mm (Figure 30). Also at 8% drift cracking in the joint extended to at

least half of the foundation depth (350 mm), and finally at 10% drift one longitudinal bar fractured

and the vertical cracks in the joint opened substantially and connection to all of the inserts was lost

(Figure 27).

3.3.3.2 Panel TI16-C24

Panel TI16-C24 was constructed with an 8 mm nail plate that was removed prior to casting of the

foundation (Figure 8b). During cyclic loading, the panel exhibited an initial stiffness of

4.2 kN/mm with cracking at foundation level occurring at 0.5% drift when subjected to a moment of

9.6 kKN-m. At 1% drift, vertical cracking extended from the foundation level crack in both the

upwards and downwards directions at the mid-depth of the panel, and at 2% drift, an additional

flexural crack formed at approximately 200 mm above the foundation, which also had small vertical

cracks extending at mid-depth. By 3% drift, three more flexural cracks had opened at 150 mm

intervals up the panel. In the joint-opening direction, the vertical crack in the joint extend to

approximately 150 mm below the foundation level and in the joint closing direction and an
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additional crack in the joint formed from the foundation level to the mid-depth vertical crack with a

downwards inclination such that the two cracks intersected at 100 mm below the foundation line.

The foundation level flexural crack opened to a width of only 1.6 mm and the vertical cracks in the

joint remained less than 1 mm wide. At 4.5% drift, foundation flexural crack extended to 200 mm

below foundation line but only of moderate width (Figure 26). Relatively little rotation was

observed in the joint (Figure 29) especially given the similar crack width were observed in the joint

when compared to Panel TI16-C32 (Figure 30)

Panel TI16-C32 experienced a maximum joint-opening strength of 20.8 kN-m, which was only

about 75% of the nominal moment capacity of the panel. In joint-closing direction, panel achieved

a 37.4 kN-m capacity, which was similar to that observed in the other 16 mm insert connections

(Figure 28). Cyclic damage to the threads of the inserts, as has been identified previously by Ma

(2000), or improper installation of the starter bars is the most likely cause for the low joint-opening

strengths observed in Panel TI16-C24, especially since the vertical crack width was relatively small

compared to Panel TI16-C32-FC (Figure 30) suggesting that significant breakout did not occur

behind the insert heads. Additionally, there was a larger panel-foundation interface opening in

Panel TI16-C24 than in the monotonically loaded panel with the same reinforcement, TI16-C24-M,

and the monotonically loaded panel also exhibited much greater strength and deformation capacity

(Figure 28) suggesting slip of the starter bar in the insert.
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During monotonic loading, cracks initiated at foundation and at 1% drift extended into the joint and

at the panel-foundation interface. Vertical cracking extended upwards from flexural crack at

mid-depth of the panel, as was observed in the other 16 mm insert panels. By 4% drift two more

flexural cracks had opened up at 200 mm intervals above the foundation. Both cracks had vertical

cracks extending from the ends of the cracks including one that extended from the flexural crack

200 mm above the foundation to end approximately 15 mm from the compression face of the panel.

At 6% drift, the crack 200 mm above the foundation opened to over 5 mm, the vertical crack near

the compression face extended to 150 mm above the foundation, and joint cracking extended to

mid-depth of foundation.  Finally, when the panel reached 10% drift, a large vertical crack

formed at mid-depth of the panel that connected the flexural cracks at the foundation level and the

one 200 mm above this level. Limited cracking occurred in the joint during the monotonic test had

due to the large crack opening 200 mm above the foundation. Both cyclic and monotonic tests

showed signs of breakout between behind the top row of inserts (Figure 27), but substantial damage

observed of splitting of panel at mid-depth just above the foundation during the monotonic test.

3.3.3.3 Panel TI16-C32-FC

Panel TI16-C32-FC was constructed with the inserts flush to the panel-foundation interface, but

spaced such that a full theoretical failure cone could form (Figure 8d, e). Initial cracks formed at

the foundation level, with vertical cracking extending up and down at mid-depth when subjected to
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a 15.0 kN-m moment. By 2% drift, additional flexural cracks had formed 200 mm and 400 mm

above the foundation both with vertical cracking extending to 50 mm above and below the flexural

cracks at mid-depth of panel. During cycles to 2% drift the vertical joint crack had extended down

to 150 mm below foundation level. During the 3% drift joint-closing excursion a crack formed in

the joint from the foundation level at the panel-foundation interface and extended down to the

vertical joint crack 100 mm below the foundation level, in a similar manner as was observed in

Panel TI16-32C. At 3%, the panel reached its maximum capacity in both the joint-opening and

joint-closing directions. The maximum -35 kN-m capacity in the joint-closing direction was

maintained for all subsequent excursions in the joint-closing direction. The panel was not able to

achieve nominal moment capacity in the joint-opening direction with a maximum moment capacity

of only 25 kN-m, which was also maintained at subsequent drift levels (Figure 28). At 4.5% drift

the vertical crack in the joint reached down to 200 mm below the foundation level with large crack

at panel-foundation interface and 5 mm crack width, and at 6.75% the vertical crack extended to

half foundation depth (Figure 26). Over 20 mrad rotation occurred in the joint (Figure 29),

resulting mostly due to the large crack opening in the joint, as can be seen in Figure 30, and lead to

breakout behind two of the three inserts in the top row of starter bars (Figure 27).

The monotonic test exhibited similar crack propagation as the cyclic test, with initial flexural

cracking occurring at foundation level and extending vertically into the joint. As drift increased, a
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crack formed at the panel-foundation interface and a second horizontal crack formed approximately

150 mm below foundation line, just above the top row of inserts. Deformation was then

concentrated in the panel-foundation interface, the horizontal crack 150 mm below the foundation,

and the vertical crack in the joint from the location of the top layer of inserts downwards. As such,

the vertical crack where the side portal gauge was located remained less than 2 mm (Figure 30) as

deformation was concentrated at the panel-foundation interface at this level. The monotonic test

reached a maximum strength of 30 kN-m, but this capacity degraded after 40 mrad rotation to

22 kN-m at 90 mrad as the panel separated behind the inserts, and post-test demolition confirmed

that breakout had occurred behind all the inserts.

4 KEY OBSERVATIONS

4.1 Panel Behavior in Buildings

Most of the tested panels reached nominal flexural capacity in both directions, with only two of the

cyclically loaded panels (T116-C24 and TI116-C50-FC) below nominal capacity in the joint-opening

direction and only one panel (TI12-C50-FC) below nominal capacity in the joint-closing direction.

However, many panels only just exceeded the nominal capacity and were unable to develop

significant flexural over-strength. In addition, all panels demonstrated a severely pinched

hysteretic behavior which resulted from the low axial load and inelastic extension of the single layer

of reinforcing requiring large rotations in the panel before the flexural cracks closed. This failure
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to close flexural cracks meant that the panel was effectively pinned at the base as it rotated through
drift angles below the previous peak rotation. This change in base fixity has potential implications
on the boundary conditions of these panels assumed during design. If these panels were designed
assuming base fixity, and the panel base exhibits the pinched behavior shown in the test specimens,
the panel will behave like a simply supported member, shifting bending demands from the more
heavily reinforced panel base to the mid-height of panel during out-of-plane face loading. This
behavior is consistent with observations following the Canterbury earthquake sequence in which
flexural cracks were observed at the mid-height of some precast panels (Henry and Ingham 2011).

A simplified elastic analysis was performed to investigate the level of drift demand required to
develop the nominal capacity at the base of the panel, which would create an effectively pinned
based due to the highly pinched hysteretic behavior of these panels. Ignoring panel inertial
loading, the lateral roof displacement required to initiate the nominal moment capacity of the 10 m

tall fixed-cantilever prototype in this study (see Figure 3) was calculated with equation 1.

Marife = 35—56 [EQ 1]
Where Marisi is the moment at the base of the panel due to lateral displacement at the top of the
panel, E is the modulus of elasticity of the concrete, / is the moment of inertia of the section, J is the
lateral displacement at the panel top, and /4 is the height of the panel.

The drift required to initiate cracking of the panel was calculated using gross section properties of
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the panel and was assessed for two different cracking moments, the first being determined using the
concrete modulus of rupture from NZSEE 3101:2006 (Standards New Zealand 2006) resulting in a
cracking moment of Me = 12.8 kN-m (lower-characteristic strength) and the second cracking
moment determined from the test results and was equal to Mcr = 15 kN-m. The additional drift
that was required to develop the nominal flexural capacity of the panel was computed using cracked
transformed section properties of the panels.

The additional base moment demand resulting from inertial face loads on the panel was determined
using equation 2:

Minerda = "o Q2]
Where Mineriia 1s the moment at the base of the panel due to inertial loading, and w is the uniformly
distributed load of the panel unit mass multiplied by lateral acceleration. The effect of inertial
loading was accounted for by calculating the reduced drift demand to initiate cracking of the panel.
The effects of dynamic amplification of panel inertial loads were not accounted for in this
simplified analysis.

Using Eqgns. 1 and 2, the roof drifts required to develop the flexural strength of the 10 m tall
prototype panel with either HD12 or HD16 reinforcing is summarized in Table 2. The drifts
required to develop the HD12 reinforced panels range from 1.4% drift to 3.8% drift while the drifts

to develop the HD16 panels are significantly larger and range from 8.1% to 9.8%. It should be
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noted that these value only indicate the drifts required to develop the nominal flexural strength of

the panel and do not incorporate the behavior of the joint. The drift required to develop panel

strength in Table 2 is highly dependent on the assumed cracking moment of the panel. This

sensitivity to assumed cracking moment is due to the location of the single layer of reinforcing at

mid-depth of the panel which results in a cracked section stiffness approximately twenty times more

flexible than the gross section. For the HD12 panels, which are near the minimum reinforcement

ratio, the drift required to develop the nominal flexural capacity of the panel is relatively small since

the nominal moment capacity of the panels (Mn = 16.1 kN-m) is only slightly higher than the

cracking moment. The large drifts required to develop the HD16 panels is a result of the nominal

capacity of the panels (Mn = 27.5 kN-m) being almost twice the cracking moment and as such,

large displacements would be required to generate the nominal moment demand with the cracked

and flexible panels.

Table 2: Lateral drift required to develop nominal strength 10 m tall prototype panel in

out-of-plane direction

Panel Mer = 12.8 KN-m Mer = 15 kKN-m Mer = 12.8 KN-m Mer=12.8 KN-m Mer = 15 KN-m Mer =15 kKN-m

Reinf. Acc=0g Acc=0g Acc=0.1g Acc=0.2g Acc=0.1g Acc=0.2g
HDI12 3.8% 1.8% 3.6% 3.5% 1.6% 1.4%
HD16 9.8% 8.5% 9.6% 9.4% 8.3% 8.1%

Given that lengths of the buildings that utilize these panels commonly exceed 50 m long and have
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flexible roof diaphragms, the drifts required to develop the HD12 panels (1.4% to 3.8%) are likely

to be exceeded during seismic loading. Once the nominal moment is exceeded, a drift of 2%

would cause sufficient rotation demand to cause breakout of the joint and degrade the lateral

capacity of the panel. This preliminary analysis highlights the need to perform a more extensive

study to determine the demands on these panels when accounting for diaphragm movement, inertial

face loading, and the restraint stiffness at the top of the panel.

4.2 Comparisons to Past Tests

Similar cyclic testing of precast panel-to-foundation connections was performed by Ma (2000). A

total of four panels were tested, with panels that were 150 mm thick, 900 mm wide, and 1400 m tall

with a RB12 mm reinforcing and starter bars. Two of the panels utilized threaded inserts with a

130 mm embedment depths at the panel-to-foundation connection, and the other two panels utilized

hooked starter bars with 180 mm long returns bent up into the panel.

In general the connection details tested by Ma preformed worse than those discussed in this testing

program, with none of the Ma panels able to achieve the panel nominal flexural capacity in the

joint-opening direction. Both hooked bar inserts panels exhibited significant strength degradation

following the first cycle in the joint-opening direction where after approximately 20 mrad of joint

rotation breakout of the hooked bars occurred. The poor performance of these hooked bar

specimens is in contrast to the performance of Panel DL12-C50 in which no damage occurred in the
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joint. Such discrepancy can be related to the difference in return length of the hooked starter bars,

with short 180 mm returns used for the Ma tests compared to the 600 mm used in Panel DL12-C50.

The longer starter bars in DL12-C50 over-reinforced the joint, forcing damage and hinging further

up in the panel, and limiting the rotational demand at the foundation level on the starter bars.

The 12 mm threaded inserts tested by Ma had a 130 mm length, resulting in a 15% deeper

embedment in the 150 mm thick panels when compared to those presented in this paper, which are

representative of current construction practice. Unit 1 of the Ma study had five RB12 vertical

reinforcing bars, and during testing the joint exhibited an inclined crack that extended downward

into the joint from the foundation level flexural crack. Post-test demolition investigation revealed

evidence of a cone breakout type failure plane. Unit 4 of the Ma test had only three RB 12 vertical

reinforcing bars and during testing only experienced cracking at the panel-foundation interface with

no evidence of cone breakout behind the inserts. The discrepancy in the joint-behavior of these

two panels as well as the lack of joint failure in Panel TI12-C50-FC suggests that the failure mode

is dependent on the relative strengths of the panel and the foundation connection. However, the

inserts breakout failure mode is non-ductile relying on the concrete tensile capacity and is not

considered a desirable load-path.

4.3 Influence of Relative Panel and Joint Strength

In order to investigate the relationship between the panel to joint strength ratio and breakout behind
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the threaded inserts, the joint strengths (Mcb) of the threaded insert panels in this and the Ma (2000)

study were calculated based upon the equations for anchorage pull out that are provided in both ACI

318-08 Appendix D (ACI 2008) and NZSEE 3101:2006 (Standards New Zealand 2006). This

calculation represents current practice for the design of these connections. For panels in which

inserts were spaced such that group action was in effect, the load was applied at the top row and the

eccentricity between the anchor group centroid and load was accounted for. An alternative

breakout strength was also calculated in which only the top row of inserts was assumed to be

effective and assuming that the area of the failure cone was cut-off at the foundation level flexural

crack (Mcb*). No strength reduction factors were applied to the calculated panel or joint strengths.

The calculated joint strengths were compared to the nominal flexural capacity of the panel section

and are summarized for all panels in Table 3.

The calculated joint capacities did not predict the breakout of any of the panels except for Panel

Ma-1. For all other panels, the calculated joint strength was at least 1.4 times larger than the panel

nominal flexural capacity. For the panels with 16 mm inserts, all of which exhibited breakout

behind the inserts, the calculated joint strengths were a minimum of 2.9 times larger than the

nominal flexural capacity of the panels. While the calculated strengths did not provide accurate

representation of the breakout joint failure mode that was observed in the test panels, the large joint

to panel strength ratio of 7.6 in the TI12-C50-FC panels does qualitatively support the lack of
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breakout of the joint for this test.

The discrepancy in performance between the calculated joint strength and the observed test

behavior suggests that the use of these anchorage equations is inappropriate for the design of such

panel details.

This inappropriateness was attributed to these equations being intended for the

design of anchors or anchor groups in direct tension instead of the predicting the interaction

between the propagation of a flexural crack and the brittle failure of anchor pullout.

Alternative

design methods are required to more accurately estimate the strength and failure mode of the

panel-to-foundation joints with dowel type connections.

Table 3: Comparison of panel and connection strength of threaded insert panels

Mn

Connection Vert Panel Mcb Joint Mcb* Joint¢ Breakout

Panel Name Description Reinf  (kN-m) (kN-m) Mcb/Mn (kN-m) Mcb*/Mn  Observed
TI12-C50 TI12 HDI12 16.1 20.0 1.2 25.2 1.4 yes
TI12-C42 TI12 + Nail plate  HD12 16.1 20.0 1.2 25.2 1.4 yes
TI12-C42-M TI12 + Nail plate  HD12 16.1 20.0 1.2 25.2 1.4 yes
TI12-C50-FC TI12 Full Cone HDI12 16.1 123.2 7.6 120.1 7.4 no
TI112-C50-FC-M TI12 Full Cone HDI12 16.1 123.2 7.6 120.1 7.4 no
TI16-C32 TI16 HD16 27.5 169.5 6.2 79.7 2.9 yes
TI16-C32-M TI16 HD16 27.5 169.5 6.2 79.7 2.9 yes
TI16-C24 TI16 + Nail plate  HD16 27.5 169.5 6.2 79.7 2.9 yes
TI16-C24-M TI16 + Nail plate  HD16 27.5 169.5 6.2 79.7 2.9 yes
TI16-C32-FC TI16 Full Cone HD16 27.9 154.7 5.5 123.8 4.4 yes
TI116-C32-FC-M TI16 Full Cone HD16 279 154.7 5.5 123.8 4.4 yes
Ma-1 TI12 HDI12 19.9 17.5 0.9 17.9 0.9 yes
Ma-4 TI12 HDI12 12.3 17.5 1.4 17.9 1.5 no

2 TI = Threaded Insert; number following is diameter of starter bar

M in panel name denotes monotonic loading

¢ All vertical reinforcing spaced at 270 mm
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4 Mcb* assuming breakout strength based on top row of inserts only with breakout cone cut-off at the foundation level

flexural crack

5 CONCLUSIONS & FUTURE WORK

Fourteen precast panel connections were subjected to out of plane loading to assess the out-of-plane

seismic performance of dowel type precast panels. The panel connections represented typical

dowel type connections used in the precast industry and included both threaded inserts and

conventional starter bars. The following key observations and conclusions were made from the

tests:

e All but two of the panels that utilized threaded insert connections experienced vertical

cracking in the joint and breakout of behind the insert head confirming the brittle load path

in this connection. These panels mostly exceeded the nominal moment capacity of the

panel in the joint-opening direction, but degraded in strength and stiffness after 20 mrad of

rotation.

o The conventional starter bar details limited damage to the panel with the joint remaining

undamaged by strengthening the panel at the foundation level or as was the case with the U

bar connection, but efficient transfer of load between the vertical reinforcing and the

foundation.
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e All panels experienced significantly pinched hysteretic response as a result of plastic strains

in the single layer of reinforcing and low axial load causing axial elongation, with large

rotations required to close flexural cracks in the panels.

e The assumption of the panels acting as fixed cantilevers in the out-of-plane direction likely

to be inappropriate for panels with vertical reinforcement content close to the minimum

reinforcement ratio as the drifts required to develop the nominal flexural strength of the

panel are likely to be reached in the flexible diaphragm buildings that utilized these panels.

Once nominal panel strength is reached in these panels, the panel base is effectively pinned

due to the low axial load and inefficient crack closure of these panels, and the maximum

flexural demand would shift to mid-height of the panel during face-loading.

e It was found that the use of anchors pullout design equations does not predict the

performance of these threaded insert connections because these design equations were not

intended to account for combined actions, including the propagation of flexural cracking

behind the insert head.

Due to the poor performance but prevalent use of threaded insert connections, an additional study

was performed to develop connection details that utilized threaded inserts but avoided the loss of

load path behind the insert head. This study is detailed in a companion paper entitled:

Out-of-Plane Behavior of Foundation Inserts of Precast Panels: Existing Connections.
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