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1. GENERAL INTRODUCTION
1.1 Background
Originating in Austria in the 1990s, cross-laminated timber (CLT) is a mass
timber product comprised of orthogonally stacked layers of dimension lumber that are
glued and pressed together to form large structural panels. These panels, consisting of
an odd number of layers from three to nine layers, possess favorable mechanical
properties such as dimensional stability, in-plane stiffness, and strength to weight
ratio. These properties make CLT panels a suitable design option for structural wall
and floor, or diaphragm, elements in a building. Diaphragm elements resist and
transfer shear forces in a building induced by lateral load cases such as wind and
earthquake events.
Compared to traditional light-frame timber construction, CLT construction allows
the design and construction of much taller timber buildings. Several factors have led
to CLT panels becoming an improved design option for mid- to high-rise buildings
compared to conventional building materials like steel and concrete. Given
sustainable forestry practices, the substitution of locally sourced timber products can
drastically reduce the environmental impact of steel and concrete buildings (Milaj et
al. 2017). Additionally, CLT buildings have shown the potential for increased
construction speeds compared to conventional building construction. The ability to
prefabricate openings and other architectural features in CLT walls and floors
drastically reduces the amount of on-site preparation needed before erection. Due to
this, a 9-story CLT building in London took four carpenters just 27 days to complete
the structural framing (Gerfen 2009).
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While CLT has been prominent in Europe for nearly two decades, it has only
recently become a relevant building design option in North America. In addition to
using different building codes, the seismic threat in the majority of Europe is not as
prominent as it is in areas of North America, specifically the Pacific Northwest and
California. Due to this, there is a need to validate the structural performance of CLT
diaphragms elements according to U.S. building code standards.
1.2 CLT Panel-to-Panel Connections
Throughout the past decade, experimental and analytical studies have explored
and validated the performance of CLT as the primary lateral force-resisting system
(LFRS) in mid- to high-rise buildings. Lenon (2015) analyzed a model 12-story CLT
building under high seismic loads and confirmed satisfactory structural performance.
Barbosa et al. (2019) conducted shake table tests on a full-scale two-story CLT
building and observed no significant damage in the CLT panels after thirty-four
earthquake excitations. While both of these efforts concluded that CLT panels remain
elastic during large seismic events, results from both studies indicated that most of the
earthquake damage takes place at the connections. In a popular CLT diaphragm
design guide, Breneman et al. (2016) further explains the need for validation of the
in-plane behavior of CLT panel-to-panel connections to properly model and design
CLT diaphragms.
Surface spline connections have been the favored design choice for CLT panel-topanel connections. Spline connections consist of a thin wood panel element, such as
plywood or laminated veneer lumber (LVL), which rests in a routed section of each
edge of the panels and is fastened via self-tapping screws (STS) to each adjoining

3
panel. Spline connections are favored over other connection types due to the
importance of panel-to-panel connections developing adequate ductility and energy
dissipation in CLT diaphragms, highlighted by Ashtari’s (2012) non-linear analyses
of CLT floors.
Hossain et al. (2016, 2017) conducted in-plane shear tests and confirmed the
ductile performance of spline connections compared to other popular connection
types like half-lap and butt joints. Sullivan (2017) performed similar tests and also
witnessed ductile behavior of surface spline connections compared to half-lap joints.
Contradictory conclusions regarding whether a group effect occurs for these
connections suggest a need for further investigation of the impact of screw spacing on
the in-plane strength and stiffness of surface spline connections.
While research and design efforts have primarily used STS, common nails could
be a potential design alternative for surface spline connections, due to the decreased
cost and installation time compared to STS. The performance of common nails as a
spline fastener has yet to be defined by experimental testing.
1.3 CLT-Concrete Composite Diaphragms
While the structural performance of CLT diaphragms has been considered
suitable for mid- to high-rise buildings, there are other design concerns regarding the
fire, vibration, and acoustic performance of CLT diaphragms. To solve these issues,
designers have begun implementing CLT-concrete composite (CCC) diaphragms.
CCC diaphragms consist of a concrete topping slab on top of CLT panels, with
various CLT to concrete connections used to transfer shear forces between the
elements to achieve composite action between the two elements.
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The composite behavior of CCC diaphragms can increase the strength and
stiffness of the system, further broadening the building design potential for CLT
buildings. Higgins et al. (2017) conducted one-way bending, orthotropic stiffness and
strength, full-scale system and long-term deformation tests on CCC diaphragm
systems with STS as the shear connections between the CLT and the concrete.
Results from these tests confirmed that CCC systems display more than adequate
design strength and stiffness and that composite behavior can be achieved to increase
the gravity load performance of CCC diaphragms compared to bare CLT diaphragms.
Mai et al. (2018) also confirmed the nearly complete composite behavior of similar
CCC systems during full-scale static and dynamic bending tests. Barbosa et al. (2019)
conducted full-scale shake table tests of a CLT building with a TCC diaphragm on the
top floor and noted satisfactory performance with minimal structural damage after
thirty-four earthquake excitations. While the gravity load characteristics and full-scale
lateral behavior of CCC have been studied, there is currently no known component
level research on the in-plane shear behavior of CCC diaphragm systems.
1.4 Purpose of Study and Organization
This study seeks to define the in-plane shear performance of CLT and CCC
diaphragm connection systems under cyclic loading. The main objectives of this
research are to:
1. Compare the effect of monotonic and cyclic loading on the damage
progression of CLT spline connections systems.
2. Compare the effect of STS spacing in CLT surface spline connections and
determine whether a group effect occurs.
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3. Explore the use of common nails as a potential fastener alternative in
spline connections and compare the performance to splines with STS
fasteners.
4. Investigate the effect of several different TCC systems (varying slab
thickness and composite screw angle) on the in-plane shear performance
of these spline connection systems.
5. Develop engineering performance curves that can be used in performance
assessment and design, including elastic stiffness, peak force, and postpeak behavior of each tested system.
Several experimental tests provide the basis of knowledge to achieve these
objectives. The first manuscript (Chapter 2) explores the performance of CLT panelto-panel surface spline connection systems to achieve the first three research
objectives. Experimental results provide engineering values such as elastic stiffness,
yield force, displacement at yield force, peak force, displacement at peak force,
ultimate force, and displacement at ultimate force. These values aid the development
of the performance-based models discussed in objective five. The second manuscript
(Chapter 3) discusses the experimental results and damage progression for several
different TCC diaphragm systems and covers objectives four and five. All of the
results and models presented in this paper seek to guide the design of CLT and CCC
diaphragms. Lastly, the end of each chapter discusses future areas of research and
design recommendations for these diaphragm components.
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2. CYCLIC PERFORMANCE OF IN-PLANE SHEAR CLT PANEL-TOPANEL SURFACE SPLINE CONNECTIONS
2.1 Abstract
Cross-laminated timber (CLT) panels have been used as structural diaphragm
elements that form the primary lateral force-resisting system in mass-timber
buildings. To better understand the overall performance of CLT diaphragms, an
experimental program including monotonic and cyclic in-plane shear panel-to-panel
spline connections tests was conducted. The spline connections were constructed
using common nails and screws with different spacings. Experimental results from
the testing program allow for characterization of the performance of the connection
systems in terms of stiffness, strength, and ductility. Nailed spline connections
displayed comparable performance in terms of stiffness and strength and were more
ductile than the screw connections, which is partly explained by the larger
overstrength factors observed for the screw connections. A simplified performance
model is presented to aid designers in determining the elastic, inelastic, and post-peak
force parameters of the various spline connections tested.
2.2 Introduction
CLT panels can serve as shear wall or diaphragm structural elements that form the
primary lateral force-resisting system (LFRS) in mid- to high-rise buildings. Analysis
of a model 12-story CLT building (Lenon 2015) showed that CLT is a viable LFRS
solution in high seismic regions and that most of the earthquake damage occurs at the
connections while the panels remain elastic.
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According to ASCE 7-16 (ASCE 2016) design procedures, the distribution of
lateral forces in a building relies on whether the diaphragm is assumed to be rigid
(e.g. concrete slabs) or flexible (e.g. light-frame timber). A popular CLT diaphragm
modeling approach, developed by Breneman et al. (2016), highlights the importance
and need for further knowledge of panel-to-panel connection properties to model the
in-plane behavior of a CLT diaphragm and support this assumption. Ashtari (2012)
performed non-linear analyses of CLT floors and results emphasized the importance
of panel-to-panel connections in developing adequate ductility and energy dissipation
in CLT diaphragm assemblies, due to the relatively rigid behavior of CLT panels. The
analysis concluded that stiff connections lead to the CLT panel controlling design and
that connections with low stiffness tend to lose their integrity and lead to an undesired
decrease in diaphragm stiffness.
Per recommendations provided by CLT diaphragm modeling research, several
experimental studies have been conducted to verify the in-plane shear performance of
CLT panel-to-panel connections. While high-performance proprietary connections
systems have been developed, the NDS (AWC 2018) specifies values for more
common fasteners and does not require extensive modeling techniques. It is therefore
important to study commonly used connections systems that can be designed using
well-known techniques such as the European Yield Model, or EYM (AWC 2014).
Several types of common diaphragm panel-to-panel connections including single
surface splines, butt joints, and half-lap joints, which are illustrated in Figure 2.1,
have been tested. These connections utilize self-tapping screws (STS), a commonly
used fastener type for heavy timber construction applications that does not require
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pre-drilling and, therefore, allows quicker installation rates. During lateral loading,
the STS in single surface splines act in shear while the STS in butt and half-lap joints
can act in shear and/or withdrawal, depending on the orientation of the screws.

Figure 2.1. Description of main types of CLT floor panel-to-panel connections: (a)
surface spline, (b) butt joint, and (c) half-lap joint
The effect of cyclic loading, commonly experienced during loading on a building
from seismic and wind forces, is an important factor for quantifying the lateral
performance of panel-to-panel connections. Cyclic loading can cause the force
capacity of STS fasteners to degrade over time. Due to this, several experiments have
sought to characterize the effect of cyclic loading on panel-to-panel connections.
Hossain et al. (2016, 2017) conducted monotonic and cyclic in-plane shear tests of
varying surface spline, butt joint, and half-lap CLT panel-to-panel connection systems
with one and two shear planes. Results from these tests concluded that STS acting in
withdrawal displayed higher stiffness and strength values, while STS acting in shear
displayed much higher failure displacements and ductility values. The specimens with
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STS acting in withdrawal displayed undesired brittle failures, whereas the tests with
STS acting in shear generally experienced ductile failures via screw yielding and
bearing on the wood elements. Due to the importance of generating adequate ductility
in panel-to-panel connections in a CLT diaphragm, surface spline connections have
been the preferred connection type for designers moving forward. Hossain et al.
(2016) also noted no difference in connection performance during in-plane shear tests
between 3- and 5-ply CLT, therefore the thickness of CLT remains consistent for this
experiment. Test specimens with a double shear plane yielded results influenced by
out-of-plane bending of the assemblies. Due to this, action should be taken to
minimize the effects of out-of-plane bending during this experimental testing.
Hossain et al. (2019) conducted additional monotonic and cyclic in-plane shear tests
with a single and double shear plane on panel-to-panel connections. Results from the
tests showed that the stiffness, force capacity, and ductility of multiple STS is less
than the sum of the individuals during cyclic loading. The NDS (AWC 2018)
accounts for this common phenomenon in wood fasteners, known as a “group effect”,
with an adjustment factor applied to lateral strength calculations for dowel-type
fasteners with a diameter less than or equal to 2.54 cm (1 in.). This factor accounts for
the fact that the fasteners on the end of a fastener group take a larger percentage of
the load than the interior fasteners.
Sullivan et al. (2017) conducted monotonic and cyclic in-plane shear tests on halflap and surface spline connections using varying spacings of fully- and partiallythreaded STS. These results confirmed the increased ductility of surface spline
connections and concluded that fully threaded (FT) STS have lower expected
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ductility than partially threaded (PT) STS, which was attributed to the FT screws
failing primarily in withdrawal due to the increased bearing surface on the connected
member. Due to this, PT STS will be used in this research to fasten the spline to the
CLT. This research also concluded that a group effect occurs in surface spline
connections where results indicated a 20% increase in the force capacity per screw
when the screw spacing increased from 15.2 cm to 30.5 cm (6 in. to 12 in.).
Contradictory to Hossain et al. (2019), Sullivan et al. (2017) did not observe a group
effect on the initial stiffness of surface spline connections; thus, it will be an
important characteristic to observe within this experimental research.
Bratulic et al. (2014) performed cyclic and monotonic in-plane and out-of-plane
shear tests comparing the performance of FT versus PT STS in panel-to-panel CLT
connections and concluded that while both of these presented similar strength and
stiffness values, the FT screws displayed brittle failures, and therefore much lower
ductility than PT screws. PT screws generally possess satisfactory inelastic behavior
by dissipating energy through yielding and head pull-through of the screw. Thus, PT
screws have been favored by designers and will be used for the spline connections in
this research.
Richardson (2015) performed monotonic and cyclic testing in-plane shear tests
with a single shear plane on surface spline connections using LVL as the side member
of the connection. While the side member of spline connections consists of either
laminated veneer lumber (LVL) or plywood, test observations displayed poor
performance of LVL splines due to splitting failure during testing. Plywood has thus
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been considered the optimal choice for this element of the connection due to the
orthogonally varying orientation of plies.
While recent design practice has primarily used PT STS (Spickler et al. 2015),
nails may be a cost-effective design alternative for the splines. Limited to no test data
exists on splines with nails, therefore, it will be important to define the performance
of splines using nails in addition to STS.
The main objective of this chapter is to understand the in-plane shear behavior of
CLT panel-to-panel surface spline connections, through experimentation, analysis,
and modeling. The study seeks to define the in-plane shear performance of varying
spline connection systems and analyze the effect of using nails versus screws, and
screw spacing (three levels). The testing program, test observations and main findings
are described, and simplified performance models are presented to aid designers in
determining the elastic, inelastic, and post-peak performance of each spline
connection variation.
2.3 Materials and Methods
2.3.1 Experimental Design
This research tests several variations of plywood surface spline connections using
a specimen design that created two shear planes. A short span of the CLT was chosen
to mitigate the effects of bending and focus on the shear behavior of the spline
connection. Figure 2.2 shows the general layout for each test specimen, which is
described in detail in the subsequent subsections.
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Figure 2.2. (a) Plan and (b) elevation view of test specimen configuration
Table 2.1 describes the fastener configuration for each spline connection variation
tested. Testing variables include spline fastener type (16d common nail or StrongDrive® SDWS22400DB-R50 Timber Screw) and screw spacing (20.3 cm (8 in.)),
15.2 cm (6 in.), and 10.2 cm (4 in.). All spacings are based on center-to-center
distances. One monotonic test and four cyclic tests were performed for each variable
system.
Each test specimen consisted of three, 61.0 cm by 61.0 cm (2 ft. by 2 ft.), 3-ply
CLT panels, originally fabricated by DR Johnson Lumber Company as 1.52 m by
6.10 m (5 ft. x 20 ft.) panels that were used as the primary floor element in a previous
full-scale shake table test (NHERI 2017). The APA (2019) has certified DR Johnson
for manufacturing V1 grade CLT. This grade of CLT contains No. 2 Douglas firLarch lumber and No. 3 Douglas fir-Larch lumber in the longitudinal and transverse
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layers, respectively. A 7.62 cm (3 in.) wide, 1.91 cm (¾ in.) deep cut on one edge of
the outer panels and both edges of the center panel allowed for a strip of plywood to
rest flush with the surface to join two adjacent panels. These cuts aligned with the
grain direction of the outer plies, or strong-axis, of the CLT.
Table 2.1. Test configurations
Series ID
Nail@3”
Screw@8”
Screw@6”
Screw@4”

Number
Fastener Spacing, a End Distance, b
Fastener Type
of Trials
[cm (in.)]
[cm (in.)]
16d Common
5
7.62 (3)
3.81 (1-½)
Nail
SDWS22400D
5
20.3 (8)
10.2 (4)
B-R50*
SDWS22400D
5
15.2 (6)
7.62 (3)
B-R50*
SDWS22400D
5
10.2 (4)
5.08 (2)
B-R50*

*Further details regarding this Simpson Strong-Tie product can be found at:
https://www.strongtie.com/strongdrive_exteriorwoodscrews/sdws-db_screw/p/strong-drive-sdwstimber-screw#ProductDetails

Two 15.2 cm by 61.0 cm (6 in. by 24 in.) strips of 1.91 cm (¾ in.) Structural I
CDX DF Plywood, manufactured by Boise Cascade, were fastened to the CLT to
provide the panel-to-panel connection. Fasteners were installed with a minimum edge
and end distance of 3.81 cm (1-½ in.), per NDS (AWC 2018) guidelines, to prevent
undesired end and edge tear out. Each fastener system contained different end
distances in order to center the fasteners on the plywood and still abide by the
minimum end distance requirements.
The spline connections that used screws included Simpson Strong-Tie StrongDrive SDWS22400DB Timber Screws (Figure 2.3), which are STS. These PT STS
have a root diameter, Dr, of 5.03 mm (0.198 in.), a length, L, of 10.2 cm (4 in.), and a
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thread length, Lt, of 6.03 cm (2-3/8 in.) with a head diameter, Dh, of 1.91 cm (0.750
in.) An evaluation report (UES 2010) indicated that these screws possess a bending
yield strength, Fyb, of 1,100 MPa (160,000 psi).

Figure 2.3. Dimensions of SDWS22400DB
Testing also included specimens with 16d common nails spaced at 3 in. as the
spline fasteners. In the experimental design and testing matrix shown in Table 1, the
7.62 cm (3 in.) nail spacing was designed using the EYM (AWC 2014) to achieve a
similar nominal shear strength capacity as the screws with a 15.2 cm (6 in.) spacing.
The 16d common nails have a Dr of 4.19 mm (0.165 in.), a Dh of 8.74 mm (0.344 in.),
a 8.89 cm (3-½ in.) length, and an Fyb equal to 621 MPa (90,000 psi) (ISNTA 2019).
The smooth shank nails were installed using a compressor-powered palm impact
driver.
2.3.2 Experimental Setup
The test setup is shown in Figures 2.4 and 2.5. An MTS (model 204.71) hydraulic
actuator with a maximum force capacity of 245 kN (55 kips) and a 15.2 cm (6 in.)
stroke applied the force under displacement-controlled testing protocols. The actuator
was fastened to the strong-floor in the testing laboratory via bolts.
Specimens were placed flat and parallel to the strong-floor. Panels were supported
by two steel hollow structural section (HSS) elements, fastened above and below the
outer panels, along the length of the specimen. The two HSS below the CLT rested
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atop wood blocking to center the section of each specimen with the centerline of the
applied force from the hydraulic actuator. The HSS provided out-of-plane restraint of
the center panel and restrained the outer panels to each other. The outer panels of the
specimen rested against two steel end plates that were bolted and welded to the
strong-floor to restrict translational displacement and in-plane rotation of the panels
during testing. A steel plate was connected to the end plates via four 3.18 cm (1-¼
in.) threaded rods (two above and two below each panel). Bolting the end plates to
these steel plates provided a clamping force on each outer panel, providing further
restraints to mitigate in-plane translation and rotation of the outer panels. The center
panel had a steel plate on each end. The south plate mounted to the hydraulic actuator
head to push the panel and connected to the north plate, via the same threaded rod
system, to pull the panel towards the actuator. Neither of these plates were fastened to
the ground, allowing in-plane translation of the center CLT panel. Prior to testing, the
threaded rods above the center panel rested on wood blocking (pictured in Figure 2.5)
to center the north plate with the centerline of the specimen section. Once the plates
were tightened to the specimen, the blocking was removed for testing.
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Figure 2.4. (a) Plan, (b) N-S elevation, and (c) E-W elevation diagrams of test setup
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Figure 2.5. Overall test setup with specimen installed
2.3.3 Instrumentation
A load cell (Figure 2.6) and a linear variable differential transformer (LVDT)
(Figure 2.7) were attached to the actuator to measure the applied force and in-plane
displacement of the actuator, respectively. The in-plane displacement and force
applied by the hydraulic actuator were recorded every 0.05 seconds throughout each
test. A second LVDT (Figure 2.8) was mounted magnetically to the strong-floor, and
attached to the south side of the center panel. This LVDT measured the in-plane
displacement of the panel to verify the accuracy of the actuator LVDT.

Figure 2.6 Load cell used for measuring applied load during testing
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Figure 2.7 LVDT measuring actuator displacement

Figure 2.8. LVDT measuring in-plane displacement of the center panel
Prototype testing included LVDT’s (Figure 2.9a) mounted to the outer panels and
attached to the center panel to record the relative in-plane displacement between
panels. Verifying that these two measurements aligned throughout testing confirmed
negligible in-plane rotation of the panels. Initial tests also included an LVDT (Figure
2.9b) mounted to the surface of one outer panel and attached to the center panel to
measure out-of-plane displacement and validate that minimal panel uplift took place.
After verifying negligible uplift and in-plane rotation of the panels during prototype
testing, the remaining tests did not utilize these additional LVDT’s.
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(a)

(b)

Figure 2.9. LVDT setup measuring (a) in-plane and (b) out-of-plane displacement of
the center panel
2.3.4 Monotonic Testing Method
The following section describes the monotonic testing procedure developed for
determination of a reference deformation value, Δm, used to define the cyclic testing
loading history. Using the testing apparatus described previously, the hydraulic
actuator displaced the center panel, in plane of the panel’s strong-axis, at a constant
rate of 7.6 mm/min (0.3 in/min). The test was stopped when either the force dropped
below 60 percent of the maximum force or the cylinder reached its maximum positive
stroke. Δm is determined at the first time the applied load drops below 80% of the
maximum load. CUREE Delta, Δ, can then be taken as 0.6Δm (Krawinkler et al.
2001).
2.3.5 Cyclic Testing Method
The applied cyclic loading history followed the Abbreviated CUREE Basic
Loading History protocol (Krawinkler et al. 2001). This sinusoidal loading history,
based on Δ determined from the monotonic testing, begins with four initiation cycles
with amplitudes of 0.05Δ. Several incrementally increasing displacement target levels
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of one primary and several trailing displacement cycles follow the initiation cycles.
Each trailing displacement cycle has an amplitude of 75% of the corresponding
primary cycle. Table 2.2 summarizes the applied displacement history. Each step
followed a constant cyclic frequency of 0.5 Hz throughout the testing process, which
is within the range specified in section 8.6 of ASTM E2126-11: Standard Test
Methods for Cyclic (Reversed) Load Test for Shear Resistance of Vertical Elements
of the Lateral Force Resisting Systems for Buildings (ASTM 2002).
Table 2.2. Abbreviated CUREE Basic Loading Protocol displacement cycle steps
Displacement

Number

Number of

Amplitude of

Level

of Cycles

Trailing Cycles

Primary Cycle (% Δ)

1

4

N/A*

5

2

5

4

7.5

3

5

4

10

4

3

2

20

5

3

2

30

6

3

2

40

7

3

2

70

8

3

2

100

9

3

2

150

*The four initiation cycles had the same displacement amplitude.
2.3.6 Post-processing Methods
The main output of each monotonic test is an applied force versus deformation
curve. From this curve, several engineering parameters can be determined, including:
(1) elastic stiffness, K (kN/mm, lb./in.), (2) yield force and displacement at yield
force, Fy and Dy (kN and mm, lb. and in.), (3) maximum force and corresponding
displacement, Fmax and Dmax (kN and mm, lb. and in.), (4) ultimate force and
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displacement at ultimate force, Fult and Dult (kN and mm, lb. and in.), (5)
displacement ductility ratio, µ, and (6) overstrength factor, Ω. The following
procedures were used to estimate the various parameters:
(1) The stiffness, K, is derived from the slope of the linear-elastic region of the
load-displacement curve. To calculate the stiffness of timber joints with
mechanical fasteners, ISO 6891 (1983) calculates the slope of a straight line
from zero force to 40 percent of Fmax. To account for initial slip or friction
experienced during the testing, however, the line used for slope calculation in
this research starts at the point nearest 20 percent of Fmax (Figure 2.10).
(2) Following the 5% offset method (Ross 2010), the intersection of the loaddisplacement curve and a straight line offset in the x-direction from the origin
by a value of 0.05Dr, with slope K, defines the point with x- and ycoordinates, Dy and Fy, respectively. To account for initial slip or friction
experienced during the testing, the line was offset from the point on the curve
closest to 20 percent of the maximum force instead of the origin (Figure 2.10).
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Figure 2.10. Example of the 5% offset method for the monotonic trial of the nail
specimen
(3) Fmax is defined as the peak force applied by the actuator during testing while
Dmax is the in-plane displacement recorded at the instant that Fmax occurs.
(4) Fult is the applied force value at the instant before the applied force drops
below 80% of the maximum load while Dult is the post-peak in-plane
displacement associated with Fult. The point (Dult, Fult), for this research,
defines the point of failure of the connection system.
(5) The displacement ductility, µ, is the ratio of Dult over Dy and defines the
ductility capacity in the connection system.
(6) The fastener overstrength factor, Ω, is the ratio of actual connection capacity
on a per fastener basis to the nominal shear capacity per fastener calculated
using the EYM (AWC 2014).
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Data from the cyclic testing was used to generate a force versus deformation
curve for each test trial. Figure 2.11 shows an example curve for one sample trial. The
envelope points of the cyclic force versus displacement curves are connected to form
an envelope curve for each test trial, as shown in Figure 2.12. Each positive envelope
curve is then analyzed to determine engineering parameters similar to the ones
obtained for the monotonic tests.

Figure 2.11. Example of a hysteretic force versus displacement response curve
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Figure 2.12. Example of positive envelope curve with performance parameters
highlighted
Using the mean values of the parameters obtained from all cyclic test trials of
each test configuration, a generalized component force-deformation model, was
developed following ASCE 41-17 (2017), similar to the one shown in Figure 2.13.
The component force-deformation model is defined by several regions, the first being
the initial linear elastic region between the zero-force point (A) and the effective yield
point (B). The second region from (B) to (C) is the inelastic range, where point C is
the maximum capacity, during which inelastic deformations occur and the loading
and reloading stiffness may degrade. Strength degradation begins to take place for
deformations beyond point (C) until loss of force-resisting capacity, or failure, occurs
at point (D). From this model, designers can choose to achieve various performance
levels from the component.
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Fig. 13. Generalized force-deformation model for the nailed specimen, including
individual test trial envelope points
2.4 Results and Discussion
The following subsections describe the general damage progressions and
summarize results for the monotonic and cyclic tests conducted. In general, the
damage progression of each test configuration was repeatable and, while fastener
yielding controlled the yield and maximum strength capacity of each specimen, the
fasteners caused varying amounts of plywood and CLT damage during larger
displacements as, described next.
2.4.1 Monotonic Tests
Overall, the monotonic tests of each spline configuration produced similar
damage mechanisms. The damage initiated with bending of the fasteners (Figure
2.14b). The bending deformation led to some head pull-through as the head of the
fasteners plunged into the top ply of the plywood. The fasteners then began to yield in
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mode IIIs (AWC 2014), causing a reduction in the specimen stiffness as indicated by
points 1N and 1S in Figure 2.14a. The IIIs damage mode is characterized by bearing
in the plywood and bending of the fastener, where a single fastener plastic hinge is
formed at the first layer of the CLT (AWC 2014). This mode remained essentially
unchanged until the specimen reached its peak force, indicated by points 2N and 2S
in Figure 2.14a.
As the panel experienced post-peak force deformations (point 2N, Figure 2.14a)
and the strength of the system started to degrade, the nail heads simply pulled through
the plywood, causing minimal bearing damage (Figure 2.14c). As the actuator neared
its maximum stroke (point 3N, Figure 2.14a), the nail heads began to completely pullthrough the plywood and nail bearing damage in the CLT became evident (Figure
2.14d).
During post-peak force deformations (point 3S, Figure 2.14a), the screw
specimens displayed larger degrees of plywood damage caused by the fastener
(Figure 2.14d). The degree of plywood damage caused by the fastener increased as
the screw spacing decreased. Removing the plywood spline at the end of testing
revealed screw bearing damage in the CLT as well.
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2S

2N

3S

1N
(a)

3N
1S

1N

1S

(b)

2N

2S

3N

3S

(c)

(d)

Figure 2.14. Example of (a) load-deformation curve from monotonic nail and screw
tests with corresponding damage states for: (b) fastener yielding, (c) fastener head
pull-through, and (d) nail pull-through and bearing damage in the CLT (left) and
plywood damage caused by screw bearing (right)
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The reference CUREE delta, Δ, for the screw tests ranged from 34.1 to 44.0 mm
(1.34 to 1.73 in.) and decreased as the screw spacing decreased, while Δ for the nail
test was 38.1 mm (1.50 inches). Thus, for the development of the cyclic loading
history and to provide comparisons across the various series of tests, the average Δ of
all specimens of 39.3 mm (1.55 inches) was selected.
2.4.2 Cyclic Tests
Overall, the cyclic tests shared similar damage mechanisms as the monotonic
tests. The following sections summarize the general damage progression and results
from the sixteen cyclic tests conducted.
The general cyclic behavior during the tests began with elastic bending of the
fasteners (point 1, Figure 2.15a), followed by mode IIIs (AWC 2014) yielding of the
fasteners (point 2, Figure 2.15a). The controlling failure point (point 3, Figure 2.15a)
of the screws was always due to low-cyclic fatigue causing the screws to fracture
catastrophically, right above or below the thread line (Figure 2.16).
Point 4 in Figure 2.15a shows the residual strength remaining after the first screw
fatigue failure occurs (point 3, Figure 2.15a), due to the fact that not all of the screws
always fatigue failed during the same displacement cycle. The screw tests displayed
varying degrees of plywood damage during post-peak displacement cycles, caused by
screw bearing (Figure 2.17a) and head pull-through (Figure 2.17b). The degree of
plywood damage caused by fastener bearing, increased as the screw spacing
decreased, due to the increased force capacity of the system caused by an increased
number of screws.
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3

2
1

4

(a)

1

2

(b)

(c)

3

4

(d)

(e)

Figure 2.15. Example of (a) load-deformation curve from cyclic screw test with
corresponding damage states for: (b) screw yielding, (c) screw head pull-through, (d)
screw bearing damage in the plywood, and (e) low-cyclic fatigue failure of screws
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(a)

(b)

Figure 2.16. Examples of low-cyclic fatigue failure directly (a) above and (b) below
the screw thread line

(a)

(b)

Figure 2.17. Example of (a) screw bearing damage in the plywood, and (b) screw
head pull-through
For the nail specimens, a gradual combination of either nail pullout (Figure 2.18)
and/or low-cyclic fatigue failure (Figure 2.19a) occurred during post-peak force
deformations (point 3, Figure 2.15a). Varying degrees of nail bearing damage in the
plywood also occurred during this period of the nail tests (Figure 2.19). The failure
mechanism for the nails appeared less sudden and catastrophic than that of the
screws. Removal of the plywood splines after each test trial revealed signs of CLT
damage caused by fastener bearing as well (Figure 2.20).
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Figure 2.18. Example of nail pullout due to cyclic loading

(b)

(a)

Figure 2.19. Example of (a) nail fatigue failure and plywood damage caused by nail
bearing, and (b) lack thereof in another

(a)

(b)

Figure 2.20. Example of (a) screw and (b) nail bearing damage in the CLT
Table 2.3 summarizes the parameters of interest for the cyclic testing of the four
different fastener layouts tested with their respective average and coefficient of
variance (COV). Table 2.4 summarizes the force-based parameters per fastener to
compare the different spacings of screws amongst each other and to nails.
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Table 2.3. Summary of cyclic testing results
K
[kN/mm]
(lb./in.)

Fy
[kN]
(lb.)

Dy
[mm]
(in.)

Fmax
[kN]
(lb.)

Dmax
[mm]
(in.)

Fult
[kN]
(lb.)

Dult
[mm]
(in.)

µ

Series 01 – Nails, 3 in. (7.62 cm), 32 fasteners
5.66
17.0
2.29
41.9
31.2
36.3
37.3
Ave.
16.5
(32300) (3820) (0.09) (9430) (1.23) (8160) (1.47)
COV 0.15
0.14
0.15
0.06
0.17
0.11
0.13 0.25
Series 02 – Screws, 20.3 cm (8 in.), 12 fasteners
Ave.

4.01
(22900)

19.1
(4300)

COV

0.10

0.10

3.56
43.5
33.8
39.7
37.6
10.6
(0.14) (9780) (1.33) (8920) (1.48)
0.10

0.09

0.18

0.13

0.13

0.10

Series 03 – Screws, 15.2 cm (6 in.), 16 fasteners
Ave.

4.93
(28200)

25.0
(5620)

COV

0.10

0.10

3.30
55.1
28.4
48.3
34.8
11.1
(0.13) (12400) (1.12) (10900) (1.37)
0.20

0.09

0.02

0.09

0.16

0.27

Series 04 – Screws, 10.2 cm (4 in.), 24 fasteners
Ave.

7.06
(40300)

37.6
(8440)

COV

0.15

0.07

4.32
84.7
33.8
74.2
39.9
(0.17) (19000) (1.33) (16700) (1.57)
0.16

0.09

0.17

0.16

0.00

Table 2.4. Cyclic force parameters on a per fastener basis

Series ID

K
[kN/mm]
(lb./in.)

Fy
[kN]
(lb.)

Fmax
[kN]
(lb.)

Fult
[kN]
(lb.)

Design
Strength
[kN] (lb.)

Ω

Nail@3”

0.177
(1010)

0.530 1.31 1.13
(119) (295) (255)

0.93
(208)

1.42

Screw@8”

0.334
(1900)

1.59 3.62 3.31
(358) (815) (743)

1.35
(303)

2.69

Screw@6”

0.308
(1760)

1.56 3.44 3.02
(351) (775) (679)

1.35
(303)

2.56

Screw@4”

0.294
(1680)

1.57 3.53 3.09
(352) (793) (695)

1.35
(303)

2.62

9.5
0.14
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The average elastic stiffness of the screw specimens ranged from 4.01 to 7.06
kN/mm (22.9 to 40.3 kips/in.), and, as expected, increased as the screw spacing
decreased. The nail specimens displayed an average stiffness of 5.66 kN/mm (32.3
kips/in.), a 14.8% increase and 19.8% decrease compared to the screw specimens
with 6 in. and 4 in. spacing, respectively. There were no statistically significant
differences between stiffness per screw means, as determined by one-way ANOVA
(F (2, 9) = 1.2, p = 0.35). The average stiffness per fastener of the nail specimens was
0.177 kN/mm (1.01 kips/in.) a decreased of 43.3% compared to the average stiffness
per fastener of the screw specimens.
The screw specimens displayed an average Fy ranging from 19.1 to 37.6 kN (4.30
to 8.44 kips) and, as expected, increased as the screw spacing decreased. The nail
specimens displayed an average Fy of 17.0 kN (3.82 kips), most comparable to the
20.3 cm (8 in.) screw spacing. There were no statistically significant differences
between yield force per screw means, as determined by one-way ANOVA (F (2, 9) =
0.06, p = 0.94). The nail specimens showed a 66.3% decrease in yield force per
fastener compared to the average Fy of the screw specimens. The average Dy ranged
from 2.29 to 4.32 mm (0.09 to 0.17 in.), with the nails and 10.2 cm (4 in.) screw
spacing displaying the lowest and highest values, respectively.
The average Fmax for the screw specimens varied from 43.5 to 84.7 kN (9.78 to
19.0 kips), and saw the same general trend amongst spacings as Fy. The average Fmax
for the nail specimens was 41.9 kN (9.43 kips) and comparable to that of the 20.3 cm
(8 in.) screw spacing. There were no statistically significant differences between
maximum force per screw means, as determined by one-way ANOVA (F (2, 9) =
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0.31, p = 0.74). Per fastener, Fmax for the nail specimens decreased, on average, by
62.9% compared to the average Fmax of the screw specimens. The average Dmax
showed no significant trend amongst fastener systems and varied from 28.4 to 33.8
mm (1.12 to 1.33 in.).
The average Fult for the screw specimens ranged from 39.7 to 74.2 kN (8.92 to
16.7 kips), increasing as the screw spacing decreased. The nail specimens displayed
an average Fult of 36.3 kN (8.16 kips), that was most comparable to that of the 20.3
cm (8 in.) screw spacing. There were no statistically significant differences between
ultimate force per screw means, as determined by one-way ANOVA (F (2, 9) = 0.54,
p = 0.60). Per fastener, Fult for the nail specimens decreased, on average, by 63.9%
compared to the average Fult of the screw specimens. The average Dult ranged from
34.8 to 39.9 mm (1.37 to 1.57 in.), with no significant trend amongst fastener systems.
The average µ value ranged from 9.5 to 16.5. While there is no general trend
amongst screw spacings for ductility, the nail specimens displayed the largest
ductility, a 58.7% increase compared to the average ductility of the screw specimens.
Average overstrength values for the screw specimens ranged from 2.56 to 2.69 with
no trend amongst spacing. The average overstrength factor for the nail specimens is
1.42, a 45.9% decrease compared to the average of the screw specimens. The increase
in ductility is partly attributed to the substantial increase in overstrength for the
screws.
Compared to results obtained from similar tests conducted by Sullivan et al.
(2018) and Hossain et al. (2017), the average stiffness per screw obtained for these
tests decreased by 43.3% and 65.3%, respectively. The average peak force per screw
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decreased by 26.5% and 30.8% compared to results obtained by Sullivan et al. (2018)
and Hossain et al. (2017), respectively. These decreases in strength and stiffness are
likely due to the use of STS with roughly half the root diameter of those used in the
previous tests.
2.4.3 ASCE-41 Modeling
Based on these results, several models have been developed (Figure 2.21) to
predict the cyclic in-plane shear performance of the spline connection systems tested.
Each point represents, in order, the average yield, maximum, and ultimate forces and
displacements for each specimen configuration. Straight lines connect these points to
generalize the elastic, inelastic, and post-peak performance of these connection
systems.

Figure 2.21. Tri-linear performance model for each spline connection system tested
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2.5 Conclusions and Recommendations
2.5.1 Monotonic vs. Cyclic Performance
While pre-peak force deformations generated similar damage progressions for
both loading types, low-cyclic fatigue of the fasteners caused by cyclic deformations
generated increasingly brittle failures compared to the monotonic tests. While this
phenomenon appeared to decrease the force capacity and failure displacements of the
connections, conclusions cannot be made without additional monotonic testing.
Designers should consider this phenomenon when designing these connections for
repetitive lateral load cases.
2.5.2 Screw Spacing
Force and stiffness values increased among the cyclic tests, as expected, when the
screw spacing decreased. Each screw spacing, however, produced similar force and
stiffness values on a per fastener basis, suggesting that no group effect occurs for
these connections with these specific screw spacings.
2.5.3 Nails vs. Screws
The elastic stiffness of the nail specimens compared closely to the screw
specimens with 15.2 cm (6 in.) spacings. The force values for the nail specimens were
lower than that of the screw specimens but compared closely to the screw specimens
with 20.3 cm (8 in.) spacings. The nail specimens were the most ductile connection
system.
While the nails displayed inferior performance to the screws in terms of force, the
performance to cost ratio for the nails remains superior. In addition to this, the added
ductility and ease of installation makes 16d common nails an effective design

37
alternative for plywood spline connections, particularly when seeking additional
connection ductility for the diaphragm design.
2.5.4 Future Work
Future research should conduct additional monotonic tests to verify the
comparison of the monotonic and cyclic performance of these connections systems.
Full-scale experimental diaphragm testing would help verify the performance of these
connections on a large scale as well. Lastly, additional spacings of nails should be
tested to further verify the performance of these fasteners in plywood spline
connections and identify whether a group effect takes place.
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3. CYCLIC IN-PLANE SHEAR PERFORMANCE OF CLT-CONCRETE
COMPOSITE DIAPHRAGM SYSTEMS
3.1 Abstract
Over the past decade, Cross-laminated Timber (CLT) panels have become an
increasingly popular construction material in North America for use as slab or
diaphragm elements. There are, however, design limitations that restrict the potential
for CLT as a competitive building material in mid- to high-rise construction projects
requiring larger spans and seismic forces to be transferred through the floor or roof
systems consisting of CLT. To solve some of these issues, CLT-concrete composite
floors have been developed. While significant testing has been performed for gravity
loading, limited data exists on the in-plane performance of CLT-concrete composite
systems. This paper presents results from an experimental program designed to
characterize the in-plane shear behavior of CLT-concrete composite diaphragm
connections materialized using different CLT to concrete screw connector
orientations. Tested variables included concrete slab thickness, composite screw
angle, and nail or screw spline connection systems. Experimental results and
observed damage progression from cyclic testing are presented. The results provide
useful engineering values such as elastic stiffness, peak load and displacement
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capacity, and ductility ratios for the development of codified design parameters used
in performance-based design models.
3.2 Introduction
Due to the high strength-to-weight ratio, fast rate of construction, and low
environmental impact, cross-laminated timber (CLT) panels have become an
increasingly popular construction material in North America (Pei et al. 2016). These
panels are used as wall and floor, or diaphragm, elements that act as the primary
lateral force-resisting system (LFRS) in buildings. Diaphragm elements are designed
to resist and transfer lateral shear forces that occur during wind and seismic loading
cases.
Moroder (2016) conducted numerical and analytical investigations on the
behavior of massive timber diaphragms in multi-story buildings that highlighted the
dependence of the lateral force distribution of CLT buildings on the diaphragm
stiffness. Moroder (2016) also noted that the non-linear behavior of specific panel-topanel connections must be further investigated to understand the non-linear behavior
of the diaphragm as a whole. Lenon (2015) conducted a structural analysis of a model
12-story CLT building to demonstrate the effectiveness of CLT as the primary LFRS
system in high seismic regions. The analysis concluded that most of the damage
caused by earthquakes takes place in the connection elements while the panels remain
elastic. Ashtari (2012) further emphasized the significance of panel-to-panel
connections in developing adequate ductility in CLT diaphragms through non-linear
analyses of CLT floors. Breneman et al. (2016) developed a CLT diaphragm
modeling technique that highlighted the importance of panel-panel connection
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properties when modeling the in-plane shear behavior of a CLT diaphragm. Due to
this, it is important to quantify the in-plane shear performance of connections in CLT
diaphragm assemblies.
While research efforts have established CLT as an efficient and viable material
when used as diaphragm elements in mid- to high-rise buildings, there are currently
design issues related to fire, acoustics, and vibrations that limit the use of CLT
buildings. These design limitations greatly hinder the potential of CLT as a
competitive building material in mid- to high-rise construction projects, thus,
designers have used timber-concrete composite (TCC) diaphragm systems to mitigate
these issues (Dias et al. 2015), including CLT-concrete composite (CCC) diaphragms.
For TCC diaphragms to work efficiently, composite action must exist between the
timber and concrete elements. Various timber to concrete connection systems provide
the shear transferring mechanism from the timber element of a diaphragm to the
concrete to achieve composite behavior in TCC diaphragm systems. Manaridis (2010)
conducted experimental and analytical research on TCC floors that emphasized the
importance of shear connectors in generating composite behavior between the timber
and concrete elements. Manaridis (2010) also explained how the timber to concrete
connection reduces the slip between the two elements during flexural loading and
therefore increases the combined bending strength of TCC systems based on the
stiffness of the connection. Under gravity loading, composite action allows the
concrete to act in compression while the timber acts in tension and bending, fully
utilizing the mechanical benefits of each material. The theoretical potential of TCC
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diaphragms has sparked further research efforts to evaluate its overall structural
performance.
The 2021 International Building Code (IBC 2021) will limit the construction
height of generic mass timber buildings with exposed timber elements to just nine
stories. Increasing the fire resistance rating (FRR), however, will allow mass timber
construction for up to 18 stories. In addition to providing a smoke barrier, the
increased strength and stiffness of TCC systems can reduce damage and deflection
during fire loading and therefore increase the fire resistance rating of the building.
O’Neill and Buchanon (2009) conducted full-scale fire tests on TCC diaphragms with
LVL beams as the timber element and either notched or plated shear connections.
Results indicated increased fire resistance for this specific TCC system compared to a
similar bare timber floor system, due to composite action effects. Fischer et al. (2019)
also performed full-scale fire tests on timber-concrete composite (TCC) floor
systems, one consisting of CLT and the other nail-laminated timber. Results indicated
significant fire resistance ratings for both systems. The potential for TCC diaphragms
to expand the height limitations for massive timber buildings has sparked further
research interest on the composite behavior of these systems.
Yeoh et al. (2009) conducted monotonic double shear plane push-out tests on
rectangular and triangular notched connections with a lag screw as well as toothed
metal plate connectors. Results from the test concluded that lag screws greatly
enhance the post-peak behavior and ductility compared to the metal plate
connections. Dias et al. (2018) summarized important design aspects of TCC
structures. The report noted that dowel type fasteners are the most commonly used
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composite connections for TCC floor systems. Amongst dowel-type fasteners, lag
screws are preferred due to their increased axial load capacity and ability to resist
separation of the concrete during loading. Dias et al. (2018) also emphasized the
importance of generating adequate stiffness, strength, and ductility in composite
connectors for TCC systems, thus, these performance parameters will be important to
define for the CCC systems evaluated in this research.
Skidmore, Owings & Merrill (SOM) developed a prototype system for a 42-story
building that utilizes a CCC floor system (Higgins et al. 2017). To verify the gravity
performance of this system, Higgins et al. (2017) conducted one-way bending,
orthotropic stiffness and strength, full-scale system, and long-term deformation tests
to define the composite behavior of CCC systems under gravity loading. From these
tests, they concluded that the CCC systems exceeded the required design strengths
and enhanced the bending stiffness and strength of the system compared to bare CLT
diaphragms. Additionally, results indicated that composite behavior existed for
negative bending of the system and the composite connections.
Mai et al. (2018) conducted full-scale static and dynamic bending tests on CCC
floor systems using different types of composite screw connectors, installed at 45and 90-degrees. The CCC systems tested improved vibration performance by 25%
and bending capacity by a factor of three to five compared to bare CLT systems.
Results also indicated that the 45-degree screws achieved nearly complete composite
action. Jiang and Crocetti (2019) conducted shear and bending tests on CCC
diaphragms that utilize a notch in the CLT with a 90-degree screw installed for the
composite connection between the CLT and concrete. Results indicated that these
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connections are strong, stiff and able to achieve nearly full composite behavior. Due
to the satisfactory bending performance of 45- and 90-degree screwed composite
connections, both will be evaluated in this research. Dias et al. (2018) noted that
notched connections display brittle failures compared to screw connectors. Notching
the CLT also leads to increased production times and material waste so it is important
to determine if these connections can perform satisfactorily without notching.
While the research mentioned in the previous paragraph thoroughly covered the
gravity load performance of CCC diaphragms, they did not study the lateral
performance of the system. Lateral performance of a diaphragm is important when
designing structures to withstand large wind and seismic events. Due to this, a multicollaborative effort (Barbosa et al. 2019) conducted shake table tests on a full-scale
two-story CLT structure with a CCC diaphragm on the second story. The structure
performed satisfactorily through all thirty-four earthquake ground motions, retaining
minimal structural damage. With the full-scale lateral performance of CCC
diaphragms proven, component level research on the in-plane shear behavior of CCC
diaphragm systems remains limited.
This chapter contributes to the understanding of the in-plane shear behavior of
CCC diaphragm connection systems, through experimentation, analysis, and
modeling. The main objective of this study is to characterize the in-plane shear
performance of several potential CCC diaphragm systems and examine the effect of
concrete slab thickness, and two CLT-to-concrete composite screw angles (45- and
90-degrees). The testing program also explored the effect of using different CLT
spline connections, including nails and screws at different spacings on the overall
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system. The comparison of this testing program to in-plane cyclic testing of bare CLT
diaphragms with identical spline connections allows for direct comparison of the
performance of the two systems. More specifically, engineering parameters
established from experimental test results are used to provide performance models
that will aid designers in determining the elastic, inelastic and post-peak performance
of each CCC diaphragm system.
3.3 Materials and Methods
3.3.1 Experimental Design
The experimental program included sixteen different CCC diaphragm connection
configurations. Figure 3.1 shows the general layout of each test specimen that the
subsequent sections describe in detail.
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Figure 3.1. Specimen description including slab reinforcement details shown in (a)
plan and (b) elevation views
Table 3.1 lists the variations of each system tested. The first four systems listed
did not include a concrete topping slab. Testing methods and results for these tests are
presented and discussed further in Chapter 2 and are useful for comparison of bare
CLT diaphragms to CCC diaphragms. The remainder of the systems tested included
three replicates of each configuration to verify the performance of each system,
summing to forty-eight total test trials. System variables include spline fastener type
(16d common nail or Strong-Drive® SDWS22400DB-R50 Timber Screw), spline
screw spacing (20.3 cm (8 in.)), 15.2 cm (6 in.), and 10.2 cm (4 in.), concrete slab
thickness (6.35 cm (2.5 in.) and 10.2 cm (4 in.)) and composite screw angle (45- and
90-degrees), as described in detail next.
Table 3.1. Test configurations
System
No. (Trial
No.)*
01(#)

Number
of Trials
4

Spline
Fastener
Nails

Spline Fastener
Spacing
[cm (in.)]
7.62 (3)

Slab
Composite
Thickness
Screw
[cm (in.)]
Angle (°)
N/A (CLT-Only)

02(#)

4

SDWS

20.3 (8)

N/A (CLT-Only)

03(#)

4

SDWS

15.2 (6)

N/A (CLT-Only)

04(#)

4

SDWS

10.2 (4)

N/A (CLT-Only)

05(#)

3

Nails

7.62 (3)

6.35 (2.5)

45

06(#)

3

SDWS

10.2 (4)

6.35 (2.5)

45

07(#)

3

SDWS

15.2 (6)

6.35 (2.5)

45

08(#)

3

SDWS

20.3 (8)

6.35 (2.5)

45

09(#)

3

Nails

7.62 (3)

6.35 (2.5)

90

10(#)

3

SDWS

10.2 (4)

6.35 (2.5)

90

11(#)

3

SDWS

15.2 (6)

6.35 (2.5)

90

12(#)

3

SDWS

20.3 (8)

6.35 (2.5)

90
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13(#)

3

Nails

7.62 (3)

10.2 (4)

45

14(#)

3

SDWS

10.2 (4)

10.2 (4)

45

15(#)

3

SDWS

15.2 (6)

10.2 (4)

45

16(#)

3

SDWS

20.3 (8)

10.2 (4)

45

17(#)

3

Nails

7.62 (3)

10.2 (4)

90

18(#)

3

SDWS

10.2 (4)

10.2 (4)

90

19(#)

3

SDWS

15.2 (6)

10.2 (4)

90

20(#)

3

SDWS

20.3 (8)

10.2 (4)

90

*Test nomenclature is in the form XXY, where XX is the system number and Y is the
trial number
Three 61.0 cm x 61.0 cm (2 ft. x 2 ft.) 3-ply CLT panels, connected via spline
panel-to-panel connection systems, form the timber component of the diaphragm
specimen. DR Johnson Lumber Company, approved by the APA (2019) to
manufacture layup V1 CLT, manufactured the panels for testing. This panel layup
consists of No. 2 Douglas fir-Larch lumber in the outer layers and No. 3 Douglas firLarch lumber in the inner layers. A 7.62 cm (3 in.) wide, 1.91 cm (¾ in.) deep section
was routed along the strong-axis of the CLT from the surface of both edges of the
center panel and one edge of the outer panels to allow the spline connection element
to rest flush with the surface of the panels.
Each spline connection consisted of a 15.2 cm (6 in.) wide, 61.0 cm (2 ft.) long
strip of 1.91 cm (¾ in.) Structural I CDX Douglas fir plywood, manufactured by
Boise Cascade. Spline fasteners varied between Strong-Drive SDWS22400DB
Timber Screws spaced at 10.2 cm (4 in.), 15.2 cm (6 in.), and 20.3 cm (8 in.), and 16d
common nails with 3 in. spacing. Each of the fastener systems contain a minimum
edge and end distance of 3.81 cm (1 ½ in.) to avoid end and edge splitting (AWC
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2018). Chapter 2 of this document describes the spline connection systems in further
detail.
A 50.8 cm (20 in.) wide, 183 cm (6 ft.) long reinforced concrete topping slab
rested on the CLT panels. The thickness of the slab varied between either 6.35 cm (2
½ in.) or 10.2 cm (4 in.) thick. The ready-mix concrete was designed to reach a
compressive strength, f’c, of 34.5 MPa (5000 psi). Section 6.1.1 in the appendix
contains additional concrete mix proportion details. All specimens were poured on the
same day from the same truck. After placing in forms, the concrete was consolidated
using an electric vibrator and screeding. Hand troweling helped achieve a smooth and
dense finish across the slabs. The concrete was then wet-cured for seven days
following the pour. Photographs of the slabs during all phases of the construction
process are provided in section 6.1.2 of the appendix.
Testing of the CCC specimens occurred no earlier than 28 days after the concrete
was poured to allow sufficient strength gain of the concrete. The actual f’c for this
mix-type was verified using ASTM cylinder testing methods (ASTM 2018).
Compression tests occurred 7 and 28 days after the pour with 10.2 cm by 20.3 cm (4
in. by 8 in.) compression cylinders. These cylinders were fabricated from a separate
concrete pour, due to error in cylinder fabrication during the original CCC pour.
Table 3.2 contains average results and respective coefficient of variance (COV) from
the cylinder compression tests conducted.
Table 3.2. Compression strength results from cylinder testing at 7 and 28 days

Test Day
7

f'c [MPa]
(psi)
27.4
(3970)

COV
0.03
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28

35.1
(5085)

0.30

Slab reinforcement consisted of two 178 cm (70 in.) long, #3 Grade 60 steel
reinforcing bars along the longitudinal axis and six 47 cm (18 ½ in.) long bars along
the transverse axis of the slab. The bars were supported by wood and cement blocks
to ensure they were at mid-height of the slab. These bar lengths ensured 1.91 cm (¾
in.) of cover between the bars and the edge of the slab, per ACI 318 (2014)
guidelines. Photographs of the slab reinforcement prior to pouring are included in
section 6.1.2 in the appendix.
Partially threaded (PT) screws with a washer head were driven into the CLT prior
to pouring to provide the composite shear connection between the slab and the CLT
panels. Two screws were installed along the centerline of each panel and spaced 30.5
cm (12 in.) on center. A minimum cover of 1.91 cm (¾ in.) was provided between the
top of the screw and the surface of the finished concrete slab. The 45-degree screws
were angled in the same direction, with the head of the screw pointing towards the
South. The direction of the screw angle was chosen so that initial (positive)
displacements replicate the mechanism experienced by these screws during gravity
loading of a full-scale TCC diaphragm that would occur prior to lateral loading
scenarios. Thus, with respect to the testing, the angled screws were installed in a
manner such that positive actuator displacements put the screws into tension.
The composite screws tested were Simpson Strong-Drive® SDWH Timber-Hex
HDG Screws (SDWH27X00G-RP1). These screws possess a head diameter of 2.36
cm (0.930 in.), a root diameter, Dr, of 6.91 mm (0.272 in.), and a bending yield
strength equal to 1.01 GPa (146,000 psi) (UES 2010). While the thread length
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remained constant at 7.62 cm (3 in.), screw lengths varied between 10.2 cm (4 in.),
15.2 cm (6 in.), or 20.3 cm (8 in.) to ensure equal cover to the top of the slab for
varying slab thicknesses and screw installation angles, seen in the four specimen
variations below (Figure 3.2).
3.3.2 Experimental Setup
The test setup shown in Figure 3.3 is described in detail in the following subsections. An MTS (model 204.71) hydraulic actuator with a maximum force capacity
of 245 kN (55 kips) and a 15.2 cm (6 in.) stroke applied the force under displacementcontrol testing.

(a)

(b)

(c)

(d)

Figure 3.2. Description of concrete slab system with (a) 6.35 cm (2.5 in.) slab, 45degree screws, (b) 6.35 cm (2.5 in.) slab, 90-degree screws, (c) 10.2 cm (4 in.) slab,
45-degree screws, and (d) 10.2 cm (4 in.) slab, 90-degree screws
The actuator was fastened to the strong-floor in the testing laboratory. The head of
the actuator was mounted to a steel plate on the south end of the center panel to
transfer the actuator force to the CLT. This plate connected to another steel plate on
the north side of the center panel with two threaded steel rods above and below the
specimen to displace the middle panel in both directions. Wood blocking, shown in
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Figure 3.4, supported the north plate to center the plate directly in line with the
actuator plate. Once the plates were tightened to the specimen the wood blocking was
removed before testing began. Specimens rested flat and parallel to the floor, centered
with the plate attached to the actuator. End plates bolted to the ground were
connected to steel plates via threaded rods above and below the specimen to provide a
clamping force that restricted in-plane rotation and displacement of the two outer
panels. Thus, the load transfer plates were assembled to allow the load to be applied
to the CLT, both in the push and pull directions, which transferred forces to the
concrete slab through the composite screws, similar to the expected load path in
platform-style construction.

53

Figure 3.2. Diagrams of testing apparatus: (a) plan view, (b) N-S elevation view, and
(c) E-W elevation view

Figure 3.4. Test setup with 6.35 cm (2.5 in.) specimen installed
3.3.3 Instrumentation
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A linear variable differential transformer (LVDT) and a load cell attached to the
actuator measured the in-plane displacement and force of the actuator, respectively.
These measurements were recorded every 0.05 seconds throughout each test trial.
Another LVDT (Figure 3.5) measured the uplift of the slab relative to the ground.
During the first few tests of each slab variation, an additional LVDT (Figure 3.6)
measured the in-plane displacement of the center panel to verify the accuracy of the
cylinder displacement. Lastly, an LVDT (Figure 3.5) mounted to the edge of the
center panel opposite the actuator measured the relative displacement between the
slab and the panel.

Figure 3.5. LVDT’s measuring slab uplift (left) and relative slab displacement (right)

Figure 3.6. LVDT measuring center panel in-plane displacement
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3.3.4 Testing Method
The applied cyclic loading history followed the Abbreviated CUREE Basic
Loading History protocol (Krawinkler et al. 2001) at a rate of 0.5 Hz, per section 8.6
of ASTM E2126-11 (2002). This sinusoidal displacement sequence begins with four
initiation cycles with amplitude 0.05 times a reference displacement Δ, also
designated as the CUREE delta. Following the initiation cycles, several primary
cycles (each with trailing cycles of lesser amplitudes) are applied. The amplitude of
each primary cycle increases incrementally, as a percentage of Δ. The amplitude of
each the trailing cycles equals 75% of the corresponding primary cycle. To compare
bare CLT to CCC connection systems, the Δ selected was 3.94 cm (1.55 in.),
determined from monotonic tests of bare CLT plywood spline connections systems,
as discussed in Chapter 2. Table 3.3 lists the displacement cycles used.
Table 3.3. Abbreviated CUREE Basic Loading Protocol displacement cycle steps
Displacement
Level

Number
of Cycles

Number of
Trailing Cycles

Primary Cycle
Amplitude (% Δ)

1

4

N/A*

5

2

5

4

7.5

3

5

4

10

4

5

2

20

5

5

2

30

6

5

2

40

7

5

2

70

8

5

2

100

9

5

2

150

*The four initiation cycles had the same displacement amplitude
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3.3.5 Post-processing Methods
The primary output of these tests is an applied force versus deformation curve.
The envelope points of these curves are connected to form an envelope curve. For the
90-degree specimens only the positive envelope curves were analyzed due to the
symmetry of the performance. For the 45-degree specimens, both the positive and
negative envelopes were analyzed to quantify the performance of the systems under
positive and negative loading directions. The corresponding envelope curve for each
test trial is then analyzed to determine several force and displacement engineering
parameters. These parameters include: (1) elastic stiffness, K (kN/mm, lb./in.), (2)
yield force and displacement at yield, Fy and Dy (kN and mm, lb. and in.), (3)
maximum force and corresponding displacement, Fmax and Dmax (kN and mm, lb. and
in.), (4) ultimate force and displacement at ultimate force, Fult and Dult (kN and mm,
lb. and in.), and (5) displacement ductility ratio, µ. The following processes were
used to estimate the parameters illustrated in Figure 3.7 and 3.8:
1) The stiffness, K, is derived from the slope of the linear-elastic region of the
envelope curve. The slope was computed using the points nearest 0.2Fmax and
0.4Fmax to account for initial slip or friction experienced during the testing
(Figure 3.7).
2) Following the 5% offset method (Rammer 2010), the intersection of the
envelope curve and a line offset in the x-direction from the origin by 0.05Dr,
with slope K, defines the point with x- and y-coordinates, Dy and Fy,
respectively. To account for initial slip or friction experienced during the
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testing, the line was offset from the point nearest 20 percent of the maximum
force instead of the origin (Figure 3.7).

Figure 3.7. Example of the slope calculation and 5% offset method used to determine
the yield point for an example trial from the testing
3) Fmax is the peak measured force while Dmax is the in-plane displacement at the
instant that Fmax occurs.
4) Fult is the force value at the instant before it drops below 80% of the peak
force, and Dult is the post-peak in-plane displacement associated with Fult. The
point (Dult, Fult) defines a reference failure point.
5) The displacement ductility, μ, is the ratio of Dult to Dy and defines the ductility
capacity in the connection system.
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Figure 3.8. Example of a load-deformation curve with the envelope points, and
positive and negative yield, peak, and failure points highlighted
Using the mean values of the parameters acquired from all test trials for each test
configuration, a generalized component force-deformation model was developed per
ASCE 41-17 (2017). The ASCE 41-17 performance model shown in Figure 3.9
consists of four points derived from the zero-force point (point A), yield point (Point
B), peak force point, and failure point for each test configuration. These points are
connected to form four defining regions: the linear elastic region (points A to B), the
inelastic region (points B to C), followed by a loss of force-resisting capacity (points
C to D). The elastic region is where elastic deformations occur, while the inelastic
region is when inelastic deformations occur, and the loading and reloading stiffness
may degrade. Strength degradation begins to take place at point C until component
failure occurs at point D. From this model, designers can choose to attain several
different performance levels from the diaphragm system.
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Figure 3.9. Generalized ASCE-41 force-deformation model highlighting: (A) zeroforce point, (B) yield point, (C) peak force-point, and (D) failure point
A multi-way ANOVA (95% confidence, α = 0.1) analysis was used to compare
the effect of the different variable systems on the performance parameters. This
analysis is used to determine the dependence of the mean of a specific output variable
on two or more categorical variables (Ramsey and Schafer 2013). Three different
analyses were conducted using elastic stiffness, peak force, and ductility ratio as the
output variable. The categorical variables for each analysis included spline fastener
type, angle of composite screws, displacement direction of the 45-degree screws and
slab thickness.
3.4 Results and Discussion
The following subsections describe the general damage progression, average
engineering values, and statistical analyses of the results for the tests conducted.
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3.4.1. Damage Progression
3.4.1.1 45-degree Screws
While the type and magnitude of concrete damage varied between composite
screw angles, each specimen configuration experienced repeatable concrete damage
progressions independent of the slab thickness and spline configuration. Similar
damage progression within the spline, described in Chapter 2, occurred for each test.
The main difference in spline behavior for the CCC specimens occurred in the
specimens with the 10.2 cm (4 in.) spline screw spacing. Due to the increase in force
for the CCC specimens, this spline system exceeded the shear capacity of the
plywood causing significant plywood shear damage (Figure 3.10).

Figure 3.10. Example of plywood shear failure for the 10.2 cm (4 in.) screw spacing
Figure 3.11 contains an example load-deformation curve for a specific 45-degree
test trial, with examples of damage mechanisms observed for this composite screw
angle.
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4
5

(a)

1+2
3

1

2

(b)

(c)

3

4

(d)

(e)

Figure 3.11. Example of (a) load-deformation curve from 45-degree screw test with
(b-e) pictures of corresponding damage states
Visible surface cracking in the slab (Figure 3.11b) began around -2.5 mm (-0.1
in.) of displacement (point 1, Figure 3.11a). These cracks first appeared around the
south composite screw in the center panel, and quickly propagated towards the
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nearest edge of the slab and towards the other composite screw, eventually reaching
the opposite edge of the slab (point 2, Figure 3.11c). As displacements increased to
around -5 mm (-0.2 in.) (point 3, Figure 3.11a), these cracks caused a cone of
concrete to separate from the south edge of the slab (Figure 3.11d). Occasionally, the
surface of the slab ruptured above the other composite screw (Figure 3.12).

Figure 3.12. Example of surface and edge rupture from inclined screw bearing
After this damage occurred, the bearing resistance of the concrete above the head
of the screws declined significantly and the spline took most of the load in the
negative displacement direction (point 3, Figure 3.11a). Around 13 mm (0.5 in.) of
displacement, a similar edge rupture (Figure 3.11e) occurred near the second
composite screw, causing a significant decline in strength in the positive direction
(point 4, Figure 3.11a). Occasionally, one or both of the composite screws would fail
due to low-cyclic fatigue (Figure 3.13) around 13 mm (0.5 in.) of displacement as
well, causing the spline to take most, or all, of the load in both directions for the
remainder of the test. The spline generally failed due to cyclic fatigue of the fasteners
around 38.1 mm (1.5 in.) of displacement (point 5, Figure 3.11a).
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Figure 3.13. Example of cyclic fatigue failure of the inclined screws
There was no evidence of screw bearing damage in the concrete beneath the head
of the composite screws, suggesting that damage was limited to the CLT in the
positive displacement direction. Removal of the center panel after the test revealed
bearing damage caused by the screw at the composite interface in both the concrete
and the CLT (Figure 3.14). Withdrawal of the screw caused damage in the positive
force direction while bearing on the CLT caused damage in the negative direction.
Lastly, significant damage to the head of the inclined screws occurred during some of
the tests (Figure 3.15).

Figure 3.14. Examples of interface damage in the concrete (left) and CLT (right)
caused by the inclined screws
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Figure 3.15. Example of inclined screw head damage
3.4.1.2 90-degree Screws
While similar initial cracking occurred for the 90-degree screws (Figure 3.16b),
the initial crack did not form around any particular composite screw and generally
occurred closer to 5 mm (0.2 in.) of displacement (point 1, Figure 3.16a).
Additionally, the composite screws acting in primarily bending did not cause any
surface or edge rupture of the slab. Due to this, the composite connection damage was
limited to screw yielding and eventual low-cyclic fatigue failure around 13 mm (0.5
in.) of displacement (point 2, Figure 3.16a). After fatigue failure of the composite
screws, the spline began to take the entire load for the system.
Post-test evaluations revealed that the composite screws generally yielded in
mode IIIs (AWC 2014) (Figure 3.16c), but some of the screws in the 10.2 cm (4 in.)
slabs experienced mode IV yielding (AWC 2014) (Figure 3.16d). Similar amounts of
bearing damage caused by the composite screws occurred on the bottom of the slab
while damage in the CLT appeared more severe than with the 45-degree screws
(Figure 3.17). Fastener fatigue failure in the spline eventually occurred around 38.1
mm (1.5 in.) of displacement (point 3, Figure 3.16a).
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Figure 3.16. Example of (a) load-deformation curve from 90-degree screw test with
(b-d) pictures of corresponding damage states
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Figure 3.17. Examples of damage in the slab (left) and the CLT (right) caused by the
composite screws at the composite interface
3.4.2. Engineering Values
The following subsections summarize and compare each directional performance
parameters of the 45-degree screws for each slab thickness using the engineering
values previously described. While the ASCE-41 models utilize all of the force values
in the table, Fmax will be the main depicter of force capacity moving forward, for the
sake of simple comparisons amongst specimens. Figure 3.18 shows examples of the
load-deformation and envelope curves for three trials of the specimens with (a) 45degree composite screws and (b) 90-degree composite screws with a 10.2 cm (4 in.)
slab and screws with 15.2 cm (6 in.) spacing.
3.4.2.1. 45-degree Screws
Tables 3.4 – 3.7 summarize the engineering values of interest for each
displacement direction for 45-degree composite screw test specimen, with their
respective averages and COV.
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(a)

(b)
Figure 3.18. (a) Load-deformation curves and (b) envelope curves for the specimens
with a 10.2 cm (4 in.) slab, spline screws with 15.2 cm (6 in.) spacing, and 45-degree
(left) and 90-degree (right) composite screws
For the 6.35 cm (2-1/2 in.) slab, stiffness values in the positive direction
decreased as the spline screw spacing increased, ranging from 12.9 to 16.7 kN/mm
(73.8 to 95.3 kips/in.). The average stiffness for the nail specimens in the positive
direction is 14.6 kN/mm (83.4 kips/in.), most similar to that of the screw specimens
with 15.2 cm (6 in.) spacing. The general trends in positive stiffness for the 6.35 cm
(2-1/2 in.) slab with inclined screws are similar to the observed trends in bare CLT
tests.
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Table 3.4. Summary of results for 6.35 cm (2.5 in.) slab and 45-degree composite
screws (positive direction)

05 - Nails
Ave.
COV
06 - 4" Screws
Ave.
COV
07 - 6" Screws
Ave.
COV
08 - 8" Screws
Ave.
COV

K
Fy
Dy
Fmax
Dmax
Fult
Dult
[kN/mm] [kN] [mm] [kN] [mm] [kN] [mm]
(lb./in.)
(lb.)
(in.)
(lb.)
(in.)
(lb.)
(in.)
μ
14.6
39.5 2.54 86.8
31.2
71.1
38.1
16.1
(83,400) (8,890) (0.10) (19,500) (1.23) (16,000) (1.50)
0.22
0.02 0.27 0.08
0.16
0.09
0.04 0.27
16.7
52.5 2.79
111
24.4
89.1
38.1
14.6
(95,300) (11,800) (0.11) (25,000) (0.96) (20,000) (1.62)
0.01
0.16 0.14 0.14
0.19
0.14
0.16 0.11
15.7
36.5 1.78
103
25.4
84.4
39.1
23.3
(89,800) (8,210) (0.07) (23,300) (1.00) (19,000) (1.54)
0.17
0.14 0.09 0.04
0.22
0.05
0.00 0.09
12.9
36.8 2.54 75.8
17.5
60.9
37.9
14.9
(73,800) (8,270) (0.10) (17,000) (0.69) (13,700) (1.49)
0.26
0.12 0.04 0.20
0.53
0.20
0.05 0.03

Average stiffness values in the negative direction for the 6.35 cm (2-1/2 in.) slab
ranged from 14.6 to 20.2 kN (83.2 to 115 kips), with no general trend in fastener
system. Average positive stiffness values for the 10.2 cm (4 in.) slab ranged from
13.4 to 17.5 kN/mm (76.7 to 96.2 kips/in.), with no general trend in spline fastener
systems. Average negative stiffness values for the 10.2 cm (4 in.) slab ranged from
13.0 to 22.8 kN/mm (74.0 to 130 kips/in.), with no general trend in fastener system.
Average positive peak force values for the 6.35 cm (2-1/2 in.) for the screw
specimens ranged from 75.8 to 111 kN (17.0 to 25.0 kN), increasing as the screw
spacing decreased. The average positive Fmax for the nail specimens is comparable to
the screws at 86.8 kN. While the trend of the screw spacing is similar to that seen in
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bare CLT tests, the nail tests without a concrete topping displayed the lowest average
Fmax of all fastener systems. Average peak force values for the 6.35 cm (2-1/2 in.) in
the negative direction ranged from 49.3 to 73.8 kN (11.1 to 16.6 kips) with no general
trend amongst fastener systems. As expected, the average Fmax for this slab thickness
is much larger in the positive direction than the negative direction, due to the
increased load resistance while the screw is in tension and withdraws from the CLT.
This can also be attributed to the lack of bearing resistance on the screw in the
negative direction caused by concrete damage due to screw bearing. For the 10.2 cm
(4 in.) slab, average Fmax values in the positive direction ranged from 84.3 to 120 kN
(19.0 to 26.9 kips), decreasing as screw spacing increased.
Table 3.5. Summary of results for 6.35 (2.5 in.) slab and 45-degree composite screws
(negative direction)

05c - Nails
Ave.
COV
06c - 4" Screws
Ave.
COV
07c - 6" Screws
Ave.
COV
08c - 8" Screws
Ave.
COV

K
Fy
Dy
Fmax Dmax
Fult
Dult
[kN/mm] [kN] [mm] [kN] [mm] [kN] [mm]
(lb./in.) (lb.) (in.)
(lb.)
(in.)
(lb.)
(in.)
μ
17.0
27.6 1.52
55.0
29.7
46.8
33.8
21.7
(97,300) (6,200) (0.06) (12,400) (1.17) (10,500) (1.33)
0.17
0.08 0.13
0.15
0.01
0.15
0.18 0.15
14.6
37.7 2.03
73.5
28.5
65.0
40.4
20.8
(83,200) (8,480) (0.08) (16,500) (1.12) (14,600) (1.59)
0.16
0.14 0.31
0.30
0.70
0.36
0.00 0.38
20.2
39.6 1.78
73.8
39.9
63.7
47.0
26.6
(115,000) (8910) (0.07) (16,600) (1.57) (14,300) (1.85)
0.26
0.04 0.17
0.07
0.26
0.16
0.12 0.08
18.5
27.5 1.52
49.3
16.5
41.8
33.8
23.6
(105,600) (6,190) (0.06) (11,000) (0.65) (9,400) (1.33)
0.14
0.13 0.07
0.04
0.74
0.10
0.34 0.38
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Table 3.6. Summary of results for 10.2 cm (4 in.) slab and 45-degree composite
screws (positive direction)

13 - Nails
Ave.
COV

K
Fy
Dy
Fmax Dmax
Fult
Dult
[kN/mm] [kN] [mm] [kN] [mm] [kN] [mm]
(lb./in.)
(lb.)
(in.)
(lb.)
(in.)
(lb.) (in.) μ
17.5
44.4
2.46
83.7
21.9
71.7 32.6
13.8
(99,900) (9,990) (0.10) (18,800) (0.86) (16,100) (1.28)
0.13
0.05
0.17
0.08
0.45
0.15 0.18 0.35

14 - 4" Screws
Ave.
COV

15.5
56.7
3.11
120
21.3
97.7 38.3
12.3
(88,700) (12,800) (0.12) (26,900) (0.84) (22,000) (1.51)
0.08
0.11
0.05
0.10
0.28
0.12 0.02 0.03

15 - 6" Screws
Ave.
COV

16.8
48.6
2.40
93.0
15.1
75.3 32.4
15.0
(96,200) (10,900) (0.09) (20,900) (0.59) (16,900) (1.28)
0.11
0.15
0.28
0.14
0.31
0.14 0.17 0.52

16 - 8" Screws
Ave.
COV

13.4
47.6
3.08
84.3
13.9
77.3 17.5
5.7
(76,700) (10,700) (0.12) (19,000) (0.55) (17,400) (0.69)
0.17
0.11
0.01
0.05
0.36
0.14 0.19 0.20

Average positive Fmax for the nail specimens is 83.7 kN (18.8 kips), most
comparable to the screws with 20.3 (8 in.) spacing. Average Fmax values for the screw
specimens with a 10.2 cm (4 in.) slab ranged from 52.2 to 79.2 kN (11.7 to 17.8 kips)
in the negative direction, decreasing as the screw spacing increased. The average Fmax
for the nail specimen with this slab thickness is 55.8 kN (12.5 kips), a 5.3% decrease
and 6.8% increase compared to the screws spaced at 15.2 cm (6 in.) and 20.3 cm (8
in.), respectively. The positive Fmax values are much larger than the negative values
for this slab thickness, attributed to the same reason as the 6.35 cm (2-1/2 in.) slab.
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Table 3.7. Summary of results for 10.2 cm (4 in.) slab and 45-degree composite
screws (negative direction)

13c - Nails
Ave.
COV
14c - 4" Screws
Ave.
COV
15c - 6" Screws
Ave.
COV
16c - 8" Screws
Ave.
COV

K
Fy
Dy
Fmax
[kN/mm] [kN] [mm] [kN]
(lb./in.) (lb.) (in.) (lb.)
22.8
32.8 1.27 55.8
(130,200) (7,370) (0.05) (12,500)
0.21
0.14 0.12 0.18

Dmax
Fult
Dult
[mm] [kN] [mm]
(in.)
(lb.)
(in.) μ
26.2
47.5
33.8
26.1
(1.03) (10,700) (1.33)
0.22
0.14
0.17 0.26

13.0
38.5 2.54 79.2
25.9
64.7
40.4
15.9
(74,000) (8,640) (0.10) (17,800) (1.02) (14,500) (1.58)
0.09
0.13 0.17 0.08
0.21
0.11
0.00 0.16
16.3
25.4 1.52 58.9
24.1
50.7
47.0
24.8
(93,200) (5,720) (0.06) (13,200) (0.95) (11,400) (1.46)
0.21
0.12 0.04 0.04
0.37
0.06
0.16 0.12
15.0
25.7 1.78 52.2
20.3
44.9
33.8
20.3
(85,700) (5,790) (0.07) (11,700) (0.80) (10,100) (1.31)
0.06
0.17 0.17 0.09
0.33
0.19
0.15 0.35

Average ductility values for the 6.35 cm (2-1/2 in.) slab in the positive direction
ranged from 14.6 to 23.3 with no apparent trend amongst spline fastener systems. The
lack of a trend can be attributed to the fact that yield displacement values appeared to
be controlled by cracking in the concrete. This was the case for the 90-degree screw
specimens as well. Average ductility values in the negative direction ranged from
20.8 to 26.6, with no general trend between spline fastener systems as well. Average
ductility values for the 10.2 cm (4 in.) slab ranged from 5.7 to 15.0 and 15.9 to 26.1
for the positive and negative directions, respectively, with no general trend between
spline fastener systems. The increase in ductility in the negative directions for the
inclined screws is caused by a general decrease in displacement at yield, a direct
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effect of the early damage in the concrete caused by bearing of the composite screws
in the positive direction.
3.4.2.2. 90-degree Screws
Tables 3.8 and 3.9 summarize the engineering parameters of interest for each 90degree composite screw test, with their respective averages and coefficient of
variations (COV). While the damage progression was noted during testing, data for
one of the test trials in series 11 was lost. Therefore, the average values for this series
came from only two test trials.
Table 3.8. Summary of results for 6.35 cm (2.5 in.) slab and 90-degree composite
screws

09 - Nails
Ave.
COV
10 - 4" Screws
Ave.
COV

K
[kN/mm]
(lb./in.)

Fy
[kN]
(lb.)

Dy
[mm]
(in.)

Fmax
[kN]
(lb.)

Dmax
[mm]
(in.)

Fult
[kN]
(lb.)

Dult
[mm]
(in.)

μ

13.7
37.9 2.54 75.8 18.8 60.9 33.8
13.1
(78,200) (8,520) (0.10) (17,000) (0.74) (13,700) (1.33)
0.22

0.07

0.14

0.13

0.31

0.13

0.11 0.15

16.4
52.7 2.79
105 20.32 84.4 41.7
14.2
(93,600) (11,800) (0.11) (23,600) (0.80) (19,000) (1.64)
0.16

0.07

0.09

0.01

0.22

0.00

0.16 0.08

11 - 6" Screws
Ave.
COV

12.8
41.3 2.79 86.7 17.5 69.7 39.1
40.9
(72,900) (9,290) (0.11) (19,500) (0.69) (15,700) (1.54)
0.05

0.03

0.04

0.09

0.08

0.09

0.00 0.26

12 - 8" Screws
Ave.
COV

26.5
34.4 1.52 71.7 16.3 57.4 39.1
30.5
(151,000) (7,730) (0.06) (16,100) (0.64) (12,900) (1.54)
0.22

0.10

0.19

0.07

0.20

0.07

0.25 0.39
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Table 3.9. Summary of results for 10.2 cm (4 in. slab) and 90-degree composite
screws

17 - Nails
Ave.
COV
18 - 4" Screws
Ave.
COV
19 - 6" Screws
Ave.
COV
20 - 8" Screws
Ave.
COV

K
[kN/mm]
(lb./in.)
23.2
(132,000)
0.01

Fy
[kN]
(lb.)
35.0
(7,870)
0.05

Dy
Fmax
[mm] [kN]
(in.) (lb.)
1.68 83.5
(0.07) (18,800)
0.26 0.16

Dmax
Fult
Dult
[mm] [kN] [mm]
(in.)
(lb.)
(in.) μ
22.0
71.0
32.7
20.6
(0.87) (16,000) (1.29)
0.24
0.13
0.48 0.60

15.2
56.5 3.01
114
21.1
96.0
25.8
8.5
(87,000) (12,700) (0.12) (25,700) (0.83) (21,600) (1.02)
0.16
0.10 0.13 0.10
0.26
0.03
0.22 0.13
15.0
43.7 2.62 79.8
14.7
63.9
35.9
14.2
(85,900) (9,820) (0.10) (17,900) (0.58) (14,400) (1.41)
0.28
0.11 0.21 0.13
0.24
0.13
0.16 0.31
18.9
36.2 1.68 80.9
16.9
75.9
17.6
10.9
(108,000) (8,140) (0.07) (18,200) (0.67) (17,100) (0.69)
0.21
0.14 0.24 0.18
0.21
0.16
0.20 0.33

For the 6.35 cm (2-1/2 in.) slab with 90-degree composite screws, average
stiffness values ranged from 12.8 to 26.5 kN/mm (72.9 to 151 kips/in.) with no trend
in spline fastener system. The unexpected increase in the stiffness of the screws with
20.3 cm (8 in.) spacing is likely due to the high variability amongst stiffness values.
For the 10.2 cm (4 in.) slab with 90-degree composite screws, average stiffness values
ranged from 15.0 to 23.2 kN/mm (85.9 to 132 kip/in.), with no trend in spline fastener
system. The average Fmax of the 90-degree screws with this slab thickness decreased
amongst all fastener systems compared to the 45-degree screws.
For the 6.35 cm (2-1/2 in.) slab with 90-degree composite screws, the average
Fmax ranged from 71.7 to 104.8 kN (16.1 to 23.6 kips) and increased as the screw
spacing decreased. The average peak force for the nail specimens is 75.8 kN (17.0
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kips). For the 10.2 cm (4 in.) slab with 90-degree composite screws, peak force values
ranged from 79.8 to 114 kN (17.9 to 25.7 kip), with the 10.2 cm (4 in.) spacing
showing a significant increase compared to the other screw specimens. The nail
specimen yielded a similar Fmax to the 15.2 cm (6 in.) and 20.3 cm (8 in.) screw
spacings at 83.5 kN (18.8 kips).
For the 6.35 cm (2-1/2 in.) slab, average ductility values for the 90-degree
composite screws ranged from 13.1 to 28.8, with the nails displaying the lowest
ductility value and ductility increasing as screw spacing increased. For the 10.2 cm (4
in.) slab, average ductility values for the 90-degree composite screws ranged from 8.5
to 20.6, with no general trend amongst fastener systems.
3.4.3 Statistical Analysis
A multi-way ANOVA analysis of all of the test results shows that there is no
statistically significant difference in mean stiffness values amongst spline fastener
type (p = 0.202), angle of composite screw (p = 0.179), displacement direction for the
inclined screws (p = 0.140), and slab thickness (p = 0.987). These results suggest that
changes in any of the variables tested do not statistically affect the stiffness of the
spline. The same analysis for Fmax suggests spline fastener type (p = 0.004),
composite screw angle (0.001), and displacement direction for the inclined screws (p
= 0.000) caused a significant change in the mean value of Fmax, while slab thickness
did not (p = 0.88). These results suggest that using screws as the spline fastener with
45-degree composite screws in the tension direction is the ideal connection system
when seeking the strongest CCC diaphragm design, regardless of the slab thickness.
Lastly, the same analysis for μ suggests that changes in the spline fastener type (p =
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0.432) and spacing (p = 0.173) variables tested did not cause a significant change in
the mean value of μ, while the change in slab thickness (0.014), composite screw
angle (p = 0.097), and displacement direction for the inclined screws (0.000) did. The
tests with a 6.35 cm (2-1/2 in.) slab and 45-degree composite screws generated a
more ductile system response than the other slab system variables. The large increase
in ductility for the negative displacement direction of the 45-degree screws is a direct
effect of the concrete damage caused during initial negative displacement cycles.
3.4.4 ASCE 41 Modeling
Figures 3.19 and 3.20 display the ASCE 41 force-deformation models developed
using the average performance engineering values previously discussed. In Figure
3.19, the dashed lines represent the performance models, developed in Chapter 2, for
bare CLT spline connections systems while the solid lines represent the CCC tests
discussed in this chapter. In Figure 3.20, the dashed lines represent the negative
directional performance of the specimens with 45-degree composite screws while the
solid lines represent the positive directional performance for the same specimens.
Figure 3.19 compares the positive direction results, grouped by spline fastener
system. From this figure, it is easy to see the effects of the spline fastener system on
force values and the obvious increase in force and stiffness values of the CCC tests
compared to the bare CLT tests. Figure 3.20, also grouped by spline fastener system,
compares the positive and negative directional performance of the 45-degree screw
specimens. From this figure, it is clear that the 45-degree composite screws displayed
similar stiffness and increased force values while acting in tension (positive direction)
compared to acting in compression (negative direction).
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Figure 3.19. Tri-linear performance model for each connection system tested

Figure 3.20. Tri-linear performance model for each displacement direction of the
CCC connection systems with 45-degree composite screws
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3.5 Conclusion and Recommendations
3.5.1 CCC vs. Bare CLT
Analysis of experimental test results confirmed a substantial increase in stiffness
and strength of bare CLT panel-to-panel connections compared to CCC systems
across all spline fastener systems. While the trends in force capacity amongst spline
type and spacing remained similar to bare CLT tests, those trends were not present
when comparing stiffness and ductility values. This leads to the conclusion that spline
fastener type and spacing does not have a drastic effect on the stiffness and ductility
of these CCC diaphragm systems, but it does have an effect on the force capacity of
the system.
3.5.2 Composite Screw Angle
The composite screw angle had a direct effect on the damage progression
witnessed during testing. The 45-degree screws displayed an increase in force
capacity compared to the 90-degree screws but the stiffness of the two screw angles
were not statistically different. The 45-degree screws also displayed increased
ductility values, but this is likely due to a decrease in yield displacements as each
screw angle exhibited similar failure deformations.
As expected, the damage mechanisms were quite different for each displacement
direction of the 45-degree composite screw specimens. Edge and surface rupture,
caused by fastener bearing on the concrete during negative displacements, produced
most of the visible damage during testing. Due to this, the 45-degree composite
screws were much stronger in the tension direction than in the compression direction.
The stiffness of the 45-degree composite screw specimens was relatively similar in
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both directions while the compression direction generated much higher ductility
values.
3.5.3 Slab Thickness
Slab thickness displayed minimal impact on the stiffness and force capacity of the
CCC diaphragm systems. The thickness did appear to have a slight effect on the
ductility of the system, however, as ductility values generally decreased as the slab
thickness increased. The ductility increase is not considered substantial enough to
warrant the use of a larger slab, therefore, there is little to no added benefit in using
more than a 6.35 cm (2.5 in.) slab thickness when designing CCC diaphragms with
screws as the composite connection.
3.6 Recommendations and Future Work
Additional experimental tests should confirm the accuracy of these results due to
the limited amount of test trials for each system. Future tests should not vary the slab
thickness, however, as it appears to have a limited effect on the in-plane shear
performance of these systems. These tests should also increase the cover distance
between the inclined composite screw head and the surface and edge of the slab to
increase the bearing resistance provided by the slab, as this was the controlling
damage state for the 45-degree composite screw tests. Future work should also
conduct large-scale experimental tests on CCC systems to confirm the scaling of
performance across several composite screw fasteners. Lastly, researchers should
explore the in-plane shear performance of TCC diaphragm systems that utilize other
popular mass timber products, such as mass plywood panels, as the primary timber
element.
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4. GENERAL CONCLUSION
This research effort sought to characterize the cyclic, in-plane shear performance
of CLT and CCC diaphragm connection systems to develop load-deformation curves
useful for quantifying several engineering values including elastic stiffness, peak
force, and displacement ductility. These values were used to describe the damage
progression, compare engineering values, and develop performance models for each
variable system. Tested system variables included spline fastener type and screw
spacing, concrete slab thickness, and composite screw angle. Results from these tests
produced the following conclusions, in accordance with the research objectives stated
in Chapter 1:
1. Cyclic and monotonic testing of CLT panel-to-panel surface spline connection
systems generated similar damage progressions during pre-peak force
displacement cycles. During large displacements, however, low-cyclic fatigue
of the fasteners generated relatively brittle failures that were not observed
during monotonic tests. While the effect of this phenomenon on the calculated
performance parameters was not conclusive, it is important for designers to
consider this brittle failure mode when designing these connections for
repetitive lateral load cases that occur during wind and seismic events.
2. While decreasing the screw spacing in surface spline connections led to
increased force and stiffness values, the force and stiffness observed per
fastener remained similar, signifying that group effects do not occur for
surface spline connections with the specific screw spacings tested.
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3. Nailed surface spline connections displayed increased ductility values
compared to the screwed spline connections, partly due to the increased
overstrength values of the screws. While the nails displayed lower force
values than the screw specimens, the elastic stiffness of the nails was similar
to that of the specimens with 15.2 cm (6 in.) spacings. The results suggest that
common nails are a suitable fastener for surface spline connections and should
be further explored due to their increased rate of construction and low cost
compared to STS fasteners.
4. Comparing CLT to CCC diaphragm systems, it is evident that CCC systems
display significantly higher stiffness and strength values. Tests results also
suggest that varying the spline connection system had no effect on the
stiffness and ductility of the CCC systems. Such variations did have a similar
impact on the strength of CCC diaphragms as seen in bare CLT tests.
Similarly, 45-degree composite screws increased the strength of the system,
but varying the angle of the composite screw did not have an effect on the
stiffness of the system. Lastly, varying the slab thickness does not appear to
affect the stiffness and force capacity of CCC systems. While the larger slab
thickness did display slightly increased ductility values, the research suggests
little to no benefit in using slab thicknesses larger than 6.35 cm (2.5 in.) when
designing CCC diaphragms with composite screw connections.
5. Performance curves for each system tested were developed and explained in
Chapter 2 and Chapter 3. These models can be used to determine the elastic,
inelastic, and post-peak force performance of the connection systems tested.
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In addition, these models are useful for designers to compare each system and
select the ideal system for their design.
The results and conclusions from these experiments should provide a simplified
and useful design guide for several variations of CLT surface spline connections and
CCC diaphragm systems. The behavior and performance values of these systems are
critical in the design and analysis of full-scale CLT and CCC diaphragms. As the
popularity of CLT continues to grow, it is important to understand the performance of
CLT and CCC diaphragms in hopes to simplify design processes and expand the use
of CLT as a building material in mid- to high-rise construction projects. The
expanding use of CLT in buildings has the potential to allow rapid construction while
maintaining sustainable and structurally efficient building designs.

86
5. BIBLIOGRAPHY
ACI Committee 318. (2014). Building Code Requirements for Structural Concrete
(ACI 318-14) and Commentary, American Concrete Institute, Farmington Hills,
MI.
APA. (2019). APA PR-L320 DRJ Cross-Laminated Timber, Tacoma, WA.
American Society of Civil Engineers (ASCE). (2016). ASCE 7-16: Minimum Design
Loads for Buildings and Other Structures. Reston, VA.
American Society of Civil Engineers (ASCE) (2017). ASCE/SEI 41-17: Seismic
Evaluation and Retrofit of Existing Buildings. Reston, VA.
Ashtari, S. (2012). “In-plane Stiffness of Cross-laminated Timber Floors.” M.Sc.
Thesis, University of British Columbia, Vancouver, BC, Canada.
American Society for Testing and Materials (ASTM). (2002). “Standard Test
Methods for Cyclic (Reversed) Load Test for Shear Resistance of Walls for
Buildings.” E2126-11, West Conshohocken, PA.
American Society for Testing and Materials (ASTM). (2018). “Standard Test Method
for Compressive Strength of Cylindrical Concrete Specimens,” C39 / C39M-18,
West Conshohocken, PA.
American Wood Council (AWC). (2014). “General Dowel Equations for Calculating
Lateral Connection Values.” In TR (Technical Report) 12, Leesburg, VA.
American Wood Council (AWC). (2018). National Design Specification (NDS) for
Wood Construction. American Forest and Paper Association, Leesburg, VA.
Barbosa, A.R., Higgins, C., Sinha, A., Demeza, B.T., Rodrigues, L., Pei, S., van de
Lindt, J., Blomberg, H., Zimmerman, R., McDonnell, E, Berman, J., Dolan, D.,

87
and Breneman, S. (2019). “Design and Testing of Shake-Table Specimen of
Cross-Laminated Timber and Cross Laminated Timber-Concrete Composite
Diaphragms.” Report No. 18-01, Oregon State University, Corvallis, OR.
Bratulic, K., Flatscher, G. and Brandner, R. (2014). “Monotonic and Cyclic Behavior
of Joints with Self-tapping Screws in CLT Structures.” In Cost Action FP1004.
Czech Technical University in Prague, Prague, Czech Republic.
Breneman, S., McDonnell, E., and Zimmerman, R.B. (2016). “An Approach to CLT
Diaphragm Modeling for Seismic Design with Application to a U.S. High-Rise
Project.” WCTE (World Conference on Timber Engineering), Vienna, Austria.
Dias, A., Fragiacomo, M., Gramatikov, K., Kreis, B., Kupferle, F., Monteiro, S.,
Sandanus, J., Schanzlin, J., Schober, K.-U., Sebastian, W., and Sogel, K. (2018).
“Design of Timber-concrete Composite Structures.” Report, European
Cooperation in Science and Technology, Germany.
Dias, A., Skinner, J., Crews, K., and Tannert, T. (2015). “Timber-ConcreteComposites Increasing the use of Timber in Construction.” European Journal of
Wood and Wood Products, 74(3), 443–451.
Fischer, E., Shephard, A., Barbosa, A., and Sinha, A. (2019) "Fire Performance of
Timber-Concrete Composite Floors." IFireSS (International Fire Safety
Symposium), Ottawa, Canada.
Gerfen, K. (2009). “Murray Grove Wood-Framed High-Rise.” Architect.
Higgins, C., Barbosa, A., and Blank, C. (2017). “Structural Tests of Composite
Concrete-Cross-laminated Timber Floors.” Oregon State University, Corvallis,
OR.

88
Hossain, A., Lakshman, R. and Tannert, T. (2016). “Shear Connections with Selftapping-screws for Cross-laminated Timber Panels.” WCTE (World Conference
on Timber Engineering). Vienna, Austria.
Hossain, A., Lakshman, R. and Tannert, T. (2017). “Cyclic Performance of Shear
Connections with Self-tapping-screws for Cross-laminated Timber Panels.”
WCTE (World Conference on Earthquake Engineering). Santiago, Chile.
Hossain, A., Popovski, M. and Tannert, T. (2019). “Group Effects for Shear
Connections with Self-Tapping Screws in CLT.” Journal of Structural
Engineering, 145(8), 1-9.
IBC (2021). International Building Code. International Code Council: Country Club
Hills, IL.
International Staple, Nail and Tool Association. (2019). ESR-1539: Power-Driven
Staples and Nails. ICC-ES Evaluation Report. ICC Evaluation Service.
ISO. (1983). ISO 6891: Timber structures – Joints made with mechanical fasteners –
General principles for the determination of strength and deformation
characteristics. European Committee for Standardization.
Jiang, Y., and Crocetti, R. (2019) “CLT-Concrete Composite Floors with Notched
Shear Connectors.” Construction and Building Materials, 195, 127-139.
Krawinkler, H., Parisi, F., Ibarra, L., Ayoub, A., and Medina, R. (2001). “CUREE
Publication No. W-02: Development of a Testing Protocol for Woodframe
Structures.” CUREE (Consortium of Universities for Research in Earthquake
Engineering). Richmond, CA.

89
Lenon, C. (2015). “Design and Behavior of a Mid-rise Cross-laminated Timber
Building.” M.Sc. Thesis, Colorado School of Mines, Golden, CO.
Mai, K., Park, A., Nguyen, K., and Lee, K. (2018) “Full-scale Static and Dynamic
Experiments of Hybrid CLT–Concrete Composite Floor.” Construction and
Building Materials, 170, 55-65.
Manaridis, A. (2010). “Evaluation of Timber-Concrete Composite Floors.” Report,
Lund Institute of Technology, Lund, Sweden.
Milaj, K., Sinha, A., Miller T.H., Tokarczyk, J.A. (2017) “Environmental Utility of
Wood Substitution in Commercial Buildings using Life-cycle Analysis.” Wood
and Fiber Science, 49(3), 1-21.
Moroder, D. (2016). “Floor Diaphragms in Multi-storey Timber Buildings.” PhD
Thesis, University of Canterbury, Christchurch, New Zealand.
O’Neill, W., and Buchanon, A. (2009). “The Fire Performance of Timber-Concrete
Composite Floors (M.Eng. Thesis).” University of Canterbury, Christchurch, New
Zealand.
Pei, S., Rammer, D., Popovski, M., Williamson, T., Line, P., and van de Lindt, J.,
"An Overview of CLT Research and Implementation in North America." WCTE
(World Conference on Timber Engineering), 2016, Vienna, Austria.
Rammer, D. R. "Fastenings." Wood handbook: wood as an engineering material:
Chapter 8. Centennial ed. General technical report FPL; GTR-190. Madison, WI:
US Dept. of Agriculture, Forest Service, Forest Products Laboratory, 2010: p. 8.18.28. 190 (2010): 8-1.

90
Ramsey, F. L., and Schafer, D. W. (2013). The statistical sleuth: a course in methods
of data analysis. Brooks/Cole, Cengage Learning, Boston, MA.
Richardson, B.L. (2015). “Examination of the Lateral Resistance of Cross-laminated
Timber Panel-to-panel Connections.” M.Sc. Dissertation, Virginia Tech,
Blacksburg, VA.
Ross, R. J. (2010). Wood Handbook: Wood as an Engineering Material. Centennial
ed. General technical report FPL; GTR-190. Madison, WI: U.S. Dept. of
Agriculture, Forest Service, Forest Products Laboratory, 2010: 1 v.
Spickler, K., Closen, M., Line, P., and Pohil, M. (2015). “CLT Horizontal Diaphragm
Design Example.” Informally published. <www.structurlam.com>.
Sullivan, K., Miller, T. H., and Gupta, R. (2018). “Behavior of Cross-Laminated
Timber Diaphragm Panel-to-Panel Connections with Self-Tapping Screws.”
Engineering Structures, 168, 505-524.
Uniform Evaluation Service (2010). “Evaluation Report 192.” International
Association of Plumbing and Mechanical Officials, Ontario, CA.
Yeoh, D., Fragiacomo, M., Franceschi, M. D., and Buchanan, A. H. (2011).
“Experimental Tests of Notched and Plate Connectors for LVL-Concrete
Composite Beams.” Journal of Structural Engineering, 137(2), 261–269.

91
6. APPENDIX
6.1 CCC Specimen Details
6.1.1 Concrete Mix Details
Table 6.1. Concrete mix specifications
Material

Design
Qty.

Required

Batched

%
Var.

3/8 Agg.

1101 lb.

6677 lb.

6620 lb.

-0.86

1.08 M

8

Sand

1692 lb.

10726 lb.

10660 lb.

-0.62

5.66 A

68

Cement

630.0 lb. 3780.0 lb. 3800.0 lb.

0.53

--

--

Fly Ash

75.0 lb.

-2

--

--

--

--

--

108

450.0 lb.

441.0 lb.

WRDA_64 24.70 oz. 148.20 oz. 148.00 oz. -0.13
Cold

36 gal.

103 gal.

108 gal.

5.25

%
Actual
Moisture Water

Table 6.2. Ready-mix delivery specifications
Load size:
Actual load:
Slump:
Design W/C:
Water/cement:
Design water:
Actual water:
To add:

6.00 yd3
22432 lb.
7.00 in.
0.426
0.425
216 gal.
184.9 gal
31.1 gal.

Trim water: -6.0 gal./yd3
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6.1.2 Specimen Construction Photos

Figure 6.1. Specimen construction prior to concrete pour with varying slab thickness
and composite screw angle

Figure 6.2. Formwork layout for the 10.2 cm (4 in.) slab specimens

Figure 6.3. Formwork layout for the 6.35 cm (2-1/2 in.) slab specimens
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Figure 6.4. 10.2 cm (4 in.) slab specimens during wet-curing process

Figure 6.5. 6.35 cm (2-1/2 in.) slab specimens during wet-curing process

Figure 6.6. 10.2 cm (4 in.) slab specimens following 7-day curing process and
removal of the formwork
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Figure 6.7. 10.2 cm (4 in.) slab specimens 28 days after casting

