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Figure 1-4 Failure of Hurricane clip connecting roof truss and wall with a corroded
nails (Van de Lindt, 2005)

Manufacturers of existing metal fasteners base the allowable capacity of these
fasteners on results of available test methods. To achieve the required minimum uplift
capacity of wood-to-wood connections current design practice is to proportion the
number of mechanical fasteners based on the design uplift force and the allowable
capacity of one fastener as provided by the manufacturer. Implicit in this practice is the
assumption that the connection's capacity is proportional to the number of fasteners per
connection joint. This approach, based as it is on testing a single fastener per joint,
disregards the fact that the failure modes of a connection joint may depend on the number
of fasteners per joint. Under the current research testing was performed on metal
connections to modify the current design approach and propose a realistic relationship

between the capacity of the connection joint and the number of fasteners in the joint. The



results showed that current design practices may overestimate the capacity of these joints
by as much as a factor of about two and can therefore be the cause of roof-to-wall
connection failures in extreme wind events.

In order to improve the structural performance of typical houses, continuous load
path should be established by developing non-intrusive connections as an alternative to
intrusive connections. Glass Fiber Reinforcement Polymer (GFRP) material connection
could be a viable alternative to intrusive connections for several reasons:

e FRP has high tensile strength

e Loads are evenly distributed across the FRP connection

e [t is very flexible and can adapt to any shape

e FRP is non-corrosive

e FRP connection will be more effective for retrofitting with minimal intrusion

of the members.

The goal of the current research is to build upon prior work by investigating the
capacity of the GFRP connection system in three different connection configurations
under three different loading conditions: (i) monotonic static loading, (ii) short term
sustained loading, and (iii) cyclic loading. These testing were necessary to evaluate the
performance of various connections in the continuous load path system in terms of
ultimate load, creep, and fatigue.

These FRP composites will improve resistance to hurricane-induced forces by
creating continuous load paths and transmitting wind forces from building envelope (roof
to wall) to the frame, and then to the foundation. This type of connection system will be a

viable substitute for the hardware type connections. The strength of the new connection



will be provided by the high performance fiber composites. The efficiency of the
connection system is due to its non-intrusiveness, thus avoiding strength degradation of
connected members. The new system will provide continuous and effective load path
which enables transferring wind forces from the building envelope to the frame, and then

to the foundation.



2 Literature review
2.1 Traditional connections

For many years, risk of significant property loss due to hurricanes seemed to be
small. However failure of residential structures during Hugo (1989) and Andrew (1992)
highlighted the weakness of the mechanism connecting the structural members. During
hurricanes when wind blows over the top of the structure it causes suction on the roof,
thus causing the roof to be lifted. These uplift forces must be transferred down to the
foundation to prevent damage. Several connections are required to create a continuous

load path (Figure 2.1).

RAFTER-TO-TOP PLATE TOPPLATE-TO-5TUD  STUD-TO-SILLPLATE SILL PLATE-TO-FOUNATION
CONMECTION CONMECTION CONMECTION CONMNECTION

Figure 2-1 Traditional connection system (T-HFCGO06, Simpson Strong Tie, 2006)



2.1.1 Roof to wall connection

This connection provides resistance against the uplift forces acting upon the roof
system and transfer forces from the roof to the top plate.
2.1.2 Top plate-to-stud connection

This connection provides resistance against the uplift forces transferred from the
roof system and further transfer forces from the top plate to the wall stud.
2.1.3 Stud to mudsill connection

This connection provides resistance against the uplift forces and transfer forces
from wall studs to the mudsill.
2.1.4 Gable end joist to double top plate connection

The gable end wall is a common area for wind damage. The continuous load path
for the gable end wall should be from gable-end framing to the foundation. This gable
end joist to double top plate connection provides resistance against the uplift forces
through the roof system and transfer forces to the gable end wall framing as shown in the

Figure 2.2.

Figure 2-2 Gable end wall connection (C-2008 Simpson Strong Tie, 2008)



2.1.5 Mudsill to foundation connection

Anchorage to the foundation completes the uplift load path. Anchoring the

mudsill transfers the loads from mudsill to the foundation.
2.2 Testing for metal connections

Florida Building Code (FBC 2008) specifies minimum allowable uplift capacities
of the metallic hurricane clips. Manufacturers publish design capacities for hurricane
clips and straps based on the lowest value of the three test criteria defined by the ASTM
D1761 “Testing Mechanical Fasteners in Wood” as mentioned below:

e The ultimate uplift load divided by three.

e The load at 1/8 in deflection.

e Allowable design values for nails or other fasteners used to attach the

connectors to the wood.

According to Rosowsky et al. (1998), manufacturers try to follow the idealized
conditions rather than using the as-built conditions. This aspect can cause a drastic
change in the published and the actual uplift capacity. Some of the major drawbacks in
the manufacturer testing procedures are:

e Load transfer during component level testing does not reflect the actual

loading conditions

e Material used to build the specimen is not appropriate

e Loading rate is different for every connection

e Preloading the specimen can manipulate the 1/8 deflection criteria.

Rosowsky et al. (1998) developed a component level testing procedure to

investigate the uplift capacity of various rafters to top-plate connections. The specimens
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were constructed using Southern yellow pine (SYP) double top-plates and either SYP or
Spruce pine fir (SPF) rafter and wall studs. The rafter was 14 in long with a 1-3/8 inch
overhang to accept the top-plate. The top-plate was nailed together with the rafter using
six 8d nails through the metallic hurricane clips. Uplift loads were applied using
hydraulic jacks mounted to a reaction frame. The loads were applied to rafter, on either
side of the top-plate at a rate of between 0.1 and 0.2 in/min. During the test load and
deformation data were collected. Figure 2.3 shows the test setup for roof-to-wall

connection developed by Rosowsky et al. (1998) with actual loading conditions.

strap (back side)

strap
4x8 Douglas fir lumber

d

supports

Figure 2-3 Standard test setup (Rosowsky et al., 1998)
2.3 Testing for non-intrusive connections
2.3.1 Material for non intrusive connection:
Fiber reinforced polymer (FRP) has an excellent scope to be used as a

construction material due to its mechanical properties. However, traditional materials like
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concrete, steel and timber will remain there but FRP can perform as a supplement in

strengthening the materials and their joints.

Carbon fibres
Glass fibres
Aluminium

Timber C40
Timber C24
Prestressing cables
Prestressing bars
Steel 3460

Steel 3235

0 20000 40000 60000 8OOOD 100000 120000

Virtual specimen length for tension failure due to self weight [m]
Figure 2-4 Specific material strengths (ratio of tension strength to density [m])
(Rene, 1995)

Adhesive bonding technology using fiber reinforced polymer has been studied for
many years. It has played an essential role in the development and growth of the
rehabilitation and repairing techniques of the structures. Due to high cost, the use of fiber
reinforced polymer was mainly focused on retrofitting and strengthening of large span
and heavy loaded structures. Most of such structures consisted of concrete and steel.

The use of FRP for the repair, strengthening and new configurations of timber
construction opens new perspective for the design. The continuously decreasing prices of
these high-tech materials made the use of this new technology more economical for
residential construction. Several studies were performed to find the feasibility of the FRP

as material used for retrofitting and joining the timber structures.
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Extensive study is performed on the tensile strength of FRP. Tensile test is
performed with small FRP-spliced specimens with wood cross section 1.18 inch x 1.18
inch (30 mm x 30 mm) (Kropf and Meierhofer, 2000). This test identified the parameters
affecting the tensile strength of the wood-FRP connection. Some of those parameters
were thickness of FRP, thickness of glue, and bonded area. Tensile test indicated
satisfactory results showing tensile strength to increase with the increase in the bonded
area up to a certain limit.

Most wood members are exposed to the climatic effects. Bending test was
performed with a 110.236 inch (2.8 m) long beam after the exposure to the climatic effect
for one year (Kropf and Meierhofer, 2000). Results indicated minor effect of climate on
the strength of the beam. Beams of equal dimension were subjected to long-term creep
test by applying bending load. Creep test results were considered satisfactory. However
additional parameters still need to investigated such a fatigue testing for the tensile
strength of wood-FRP bond. Creep was already investigated for the bending test but
further study needs to be done for the tensile strength.

Testing in tension and bending of small FRP-spliced wooden specimens
(Meierhofer, 1995) showed satisfactory results. The above studies encourage FRP’s
extensive use as a construction material.

2.3.2 Monotonic loading test

Monotonic loading test is defined as monotonic loading of the specimen with a
constant loading rate until the specimen fails. Claisse and Masse (2006) investigated
wood-FRP joint in tension. Sample was fabricated with two pieces of wood with FRP on

either side of the joint and the load was applied axially and parallel to one of the wood

13



grain direction. Several configurations were tested with different angles between the two
pieces of timber using unidirectional and bidirectional FRP. Testing standard followed to
perform the tension test was BS EN 26891. The common mode of failure was rupture of
fibers and the delamination of the FRP from wood. Results showed that high tensile
strength was obtained from unidirectional FRP in a configuration in which wood grains
of both the wood pieces were parallel to the load.
2.3.3 Sustained loading test
Creep is defined as the time-dependant deformation exhibited by a material under
sustained load. Most studies related to creep behavior of FRP emphasizes on concrete-
FRP bond using an epoxy, as FRP is commonly used in strengthening of concrete bridges.
Nikolas and Thanasis (1995) conducted a detailed study to explain the behavior of wood-
FRP bond for a long term sustained load. This study was performed in variable and
constant environment. The analytical results for creep deformation were verified by
performing experiments. The test specimen consisted of a 65.51 in (1664 mm) long wood
beam 1.78 in x 1.78 in (45 mm x 86 mm) reinforced with epoxy bonded CFRP laminates.
The flexural load was applied using air diaphragm cylinders as shown in the Figure-2.5.
Results from this investigation showed that FRP played an important role in controlling
the deformation during long term sustained load with a variable temperature and humidity
conditions. The creep behavior of FRP reinforced wood was primarily dominated by the

creep of wood.
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