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Abstract: Light wood roof-to-wall connections are vulnerable when subjected to high-speed winds.
In lieu of traditional metal connections, the present finite element analysis (FEA) study focuses
on the use of epoxy and easy-to-apply, noncorrosive FRP ties to connect the roof and the walls in
wood frames. The FEA models of the wood roof-to-wall GFRP connection were validated with an
experimental study in the literature. Subsequently parametric study was performed on the validated
FEA models. Parameters considered were the addition of anchorages to secure the GFRP ties for FEA
models of shear and uplift tests, and various FRP types. Wood roof-to-wall connection uplift model
was subjected to monotonic cyclic loading to simulate the effect of wind load. In addition, carbon
and basalt FRP ties were also examined under monotonic cyclic loading. To evaluate the efficiency of
GFRP ties with and without anchorages, the shear and uplift design loads specified in ASCE 7-16 were
calculated. Finally, a formula was proposed to approximate the shear strength of GFRP connection in
comparison with double shear bolted metal plate connections. The FEA models and experimental
results were in good agreement. The finite element results revealed that anchorage increased the
uplift load capacity by 15% but the increase in shear capacity was insignificant. Comparing glass,
carbon, and basalt FRP ties, BFRP was superior in deformation capacity and CFRP provided more
stiffness on uplift test simulation. GFRP ties were found to be approximately nine times stronger in
shear and two times stronger in uplift resistance than hurricane clips. Finally, the proposed formula
could predict the shear strength of GFRP tie connection which in turns contributes to the design and
future research.

Keywords: wood; fiber reinforced polymer; delamination; debonding; finite element analysis (FEA);
interface; anchorage; regression

1. Introduction

Most structures affected by high-speed winds and hurricanes are light wood framed
residential structures. The damage caused by these extreme events may be due to many
factors, such as deficient design, construction error, wall-diaphragm connection type,
among others [1]. Wall-diaphragm connection can affect overall performance of any framed
structure but there has been very limited test on their performance and efficiency [2].

Designing connections between members when it comes to wooden structures must
be carefully done for continuous transfer of forces through the load path [3]. Widely used
traditional types of connection, like nails, bolts, and hurricane clips, have disadvantages of
weakening the wood due to penetration, water seepage through the holes, rusting, and
deterioration in a short period of time. Traditional connectors like nails and bolts may be
adequate for gravity load but are not necessarily capable of withstanding lateral and uplift
loads. Nevertheless, many studies are still focused on conventional nails, metal plates, and
clips with nails [4,5]. Riley [5] tested two types of roof-to-wall connections: toe-nails and
hurricane metal clips. Hurricane clips were found to have more residual strength and uplift
capacity than toe-nailed connections. Morrison [4] also rules out the use of conventional

CivilEng 2021, 2, 652–669. https://doi.org/10.3390/civileng2030036 https://www.mdpi.com/journal/civileng

https://www.mdpi.com/journal/civileng
https://www.mdpi.com
https://doi.org/10.3390/civileng2030036
https://doi.org/10.3390/civileng2030036
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/civileng2030036
https://www.mdpi.com/journal/civileng
https://www.mdpi.com/article/10.3390/civileng2030036?type=check_update&version=1


CivilEng 2021, 2 653

connections, like toe-nails, as they performed poorly during peak wind gusts. None of the
toe-nailed connections could satisfy the 100 mph wind load criteria of the code [6]. To fully
understand the behavior of wood frame buildings under strong winds and hurricanes,
both component and full-scale tests are necessary [7].

According to investigation by the National Association of Home Builders (NAHB) [8]
on the roof-to-wall connections in residential construction, there are several inconsistencies
in the methodologies used for the engineering analysis of hardware-type connections that
can lead to development of inaccurate and inadequate connection designs.

Comparative study [9] on conventional intrusive and glued or non-intrusive connec-
tions suggested that the performance of glued connections was superior to that of metal and
toe-nailed connections. Fiber reinforced polymer (FRP) composites, such as carbon, glass,
aramid, and basalt, are good replacements for steel material due to their non-corrosive
nature while providing high tensile strength and strain [10]. Several studies have focused
on the use of FRPs to strengthen the structural performance of concrete columns, beams,
shear walls, and other structural members [11–16].

However, there are few studies on use of FRP on wood [17–19] and even fewer studies
on the interface between FRP and wood [20,21]. Limited studies have been performed
on the use of FRP in improving the performance of connections in light-weight wood
framed structures subjected to wind load. An experimental study [22] was conducted on
fiber-reinforced polymer as a roof-to-wall connection. FRP as roof-to-wall connections
were tested at component level by performing shear and uplift tests simulating the load
exerted by high-speed winds and hurricanes. The experimental results revealed that the
load capacity of the FRP tie exceeded the load capacity of hurricane clips. On the other
hand, Azzi et al. [23] experimentally studied the behavior of roof-to-wall connections
strengthened with FRP under simulated hurricane conditions. It was found that FRP sheets
were more effective than metal connectors in terms of strength. However, the lateral load
resistance of FRP sheets and their metal counterparts were equivalent. The present study
focuses on use of FRP as a roof-to-wall connection in wood frames shown in Figure 1.
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Figure 1. Schematic of wood roof-to-wall connection.

2. Objectives

In lieu of traditional metal connections, the present numerical study focuses on the
use of epoxy and easy-to-apply, noncorrosive FRP ties to connect the roof and the walls in
wood frames. The FEA models of the wood roof-to-wall FRP connections were developed
and validated using an experimental study in the literature [22] which was performed on
component level shear and uplift tests representing high-speed wind loads effect on roof-to
wall-connection. Subsequently parametric study was performed on the validated FEA
models. Parameters considered were the addition of anchorages to secure the GFRP ties for
FEA models of shear and uplift tests, and various FRP types. Wood roof-to-wall connection
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uplift model was subjected to monotonic cyclic loading to simulate the effect of wind load.
In addition, carbon and basalt FRP ties were also examined under monotonic cyclic loading.
To evaluate the efficiency of GFRP ties with and without anchorages, the shear and uplift
design loads specified in ASCE 7-16 [24] were calculated. Finally, a formula was proposed
to calculate the shear strength of GFRP connection in comparison with double shear bolted
metal plate connections to aid design and future research.

3. Experimental Program Adopted for Validation of FEA Model

In a wooden framed structure, the roof-to-wall connection is one of the most critical
components affected by the wind load. To perform experiments on roof-to-wall connections
subjected to actual high-speed wind load is challenging. However, component level testing
is a simpler alternative to determine the shear and uplift strength capacities and the
efficiency of a connection. The following section summarizes the experimental program [22]
adopted in this paper to validate the accuracy of the finite element analysis models of the
GFRP wood connection.

The first step in the experiment was to determine the shear bond strength at the
wood–FRP interface by conducting a double lap shear test, as shown in Figure 2. Two cubes
(102 × 102 × 102 mm3) of spruce–pine–fir (SPF) with a gap of 38 mm in between were
connected by E-glass FRP strips applied to both sides using epoxy. One of the blocks was
fixed while load was applied on the other block, as shown in Figure 2. The GFRP strip had
a thickness of 0.36 mm, tensile strength, and tensile modulus of 612 MPa and 26.12 GPa,
respectively. Epoxy adhesive had a tensile strength of 55 MPa and tensile modulus of
41.40 GPa.

CivilEng 2021, 2, FOR PEER REVIEW 3 
 

 

in wood frames. The FEA models of the wood roof-to-wall FRP connections were devel-
oped and validated using an experimental study in the literature [22] which was per-
formed on component level shear and uplift tests representing high-speed wind loads ef-
fect on roof-to wall-connection. Subsequently parametric study was performed on the val-
idated FEA models. Parameters considered were the addition of anchorages to secure the 
GFRP ties for FEA models of shear and uplift tests, and various FRP types. Wood roof-to-
wall connection uplift model was subjected to monotonic cyclic loading to simulate the 
effect of wind load. In addition, carbon and basalt FRP ties were also examined under 
monotonic cyclic loading. To evaluate the efficiency of GFRP ties with and without an-
chorages, the shear and uplift design loads specified in ASCE 7-16 [24] were calculated. 
Finally, a formula was proposed to calculate the shear strength of GFRP connection in 
comparison with double shear bolted metal plate connections to aid design and future 
research. 

3. Experimental Program Adopted for Validation of FEA Model 
In a wooden framed structure, the roof-to-wall connection is one of the most critical 

components affected by the wind load. To perform experiments on roof-to-wall connec-
tions subjected to actual high-speed wind load is challenging. However, component level 
testing is a simpler alternative to determine the shear and uplift strength capacities and 
the efficiency of a connection. The following section summarizes the experimental pro-
gram [22] adopted in this paper to validate the accuracy of the finite element analysis 
models of the GFRP wood connection. 

The first step in the experiment was to determine the shear bond strength at the 
wood–FRP interface by conducting a double lap shear test, as shown in Figure 2. Two 
cubes (102 × 102 × 102 mm3) of spruce–pine–fir (SPF) with a gap of 38 mm in between were 
connected by E-glass FRP strips applied to both sides using epoxy. One of the blocks was 
fixed while load was applied on the other block, as shown in Figure 2. The GFRP strip had 
a thickness of 0.36 mm, tensile strength, and tensile modulus of 612 MPa and 26.12 GPa, 
respectively. Epoxy adhesive had a tensile strength of 55 MPa and tensile modulus of 41.40 
GPa. 

102

190

76

76102

38

FRP

SPF cubes

FRP

0.36

Front view Side view

Load

Fixed end

 
Figure 2. Setup for double lap shear test (all dimensions are in mm). 

In the second step, tests on roof-to-wall connection under uplift loads were con-
ducted to replicate the forces that a roof-to-wall connection must withstand when nega-
tive pressure is generated inside a structure during a hurricane. As this mechanism is dif-
ficult to replicate in a lab, the setup was turned upside down and the load was applied 
downwards to represent the uplift force. The setup consisted of lumbar joists and two 

Figure 2. Setup for double lap shear test (all dimensions are in mm).

In the second step, tests on roof-to-wall connection under uplift loads were conducted
to replicate the forces that a roof-to-wall connection must withstand when negative pressure
is generated inside a structure during a hurricane. As this mechanism is difficult to replicate
in a lab, the setup was turned upside down and the load was applied downwards to
represent the uplift force. The setup consisted of lumbar joists and two base plates stacked
on top of one another, as shown in Figure 3. The double plates were first placed with clear
spacing of 559 mm, then the joist was placed at the center of the top plate. Thereafter,
the GFRP ties were applied to connect the joist and the top plate replacing the traditional
wood connection.
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4. Finite Element Analysis Approach

The modeling of wood material is based on linear elastic theory in three dimensions
having orthotropic properties in the longitudinal, tangential, and radial directions [17,25].
To depict the behavior of timber, SOLID185 element was used. This element supports
large deflection and strain and has eight nodes with three degrees of freedom at each
node [26]. SOLID65 which is an eight-node solid element with a capability of capturing
elastic brittle failure as well as allowing the possibility of failure in three orthogonal
directions was used to model GFRP [27]. Both solid elements share the same number
of degrees of freedom at each node and can simulate linear and nonlinear behaviors.
Interface was simulated by contact pair TARGE170 and CONTA174 elements [28]. The
zero thickness contact pair which is based on Coulomb’s friction principle and bond shear-
slip model simulates the debonding and delamination of GFRP and wood interface [29].
CONTA174 (flexible material) and TARGE170 (substrate) are representing GFRP and wood,
respectively. Although, some studies have assumed perfect bond between the wood and
the FRP [25], in the present study both debonding and delamination were considered
for more realistic modeling. Delamination occurs when the ultimate strain exceeds the
plastic strain of epoxy [30]. The bond-slip data were taken from a pull-out test [20]. In
Equations (1) and (2), T(s) is local bond stress, Tm is bond stress at the peak point and is
equal to 5.41 MPa, s is the local slip, and sm is the value of slip at peak stress which is equal
to 0.289 mm. The α parameter is 0.44. The schematic representation of the bond-slip is
shown in Figure 4.

T(s) = Tm

(
s

sm

)α

f or 0 ≤ s ≤ sm (1)

T(s) = Tm f or sm ≤ s ≤ su (2)

Furthermore, the value of ultimate slip (su) is formulated by using ANSYS software
during cohesive zone modeling using peak slip (sm) and α parameter [28].
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5. Results

In this section validation of the FEA models employed for the roof-to-wall connection
is presented. Subsequently, the validated models were used to conduct parametric study
entailing uniaxial cyclic load, different types of FRP materials as ties, and anchorages.
Finally, the results and design considerations are discussed.

5.1. Comparison of Experiment and Finite Element Analysis Models Results

The control models of the shear (TCLS) and uplift (TCLU) tests were compared with
the experimental results of their counterparts and are discussed below.

5.1.1. Component Level Double Shear Test

FEA control model of TCLS generated in the present study for validation with the
double shear test performed by Canbek [22] is shown in Figure 5.
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Generally, in shear tests, failure would be either debonding or rupture of the fiber. The
FEA model of the double shear test failed by mode II, which was the debonding (Table 1).
Slippage of the GFRP sheets occurred at the interfaces between the two wood blocks, as
shown in Figure 5; similar results were observed in another experiment [31]. The failure
load of finite element model was 20,868 N, as compared to experimental value of 21,540 N
showing good agreement with a discrepancy of 3.12%.
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Table 1. Comparison between experimental and FE model data.

Test Failure Load (N) Discrepancy (%) Mode of Failure
Experiment FEA Model

Shear 21,540 20,867.55 3.12 Debonding
Uplift 9606.67 9855.52 2.59 Delamination

5.1.2. Roof-to-Wall Connection under Uplift Test

For TCLU, the L-shaped GFRP sheets were attached on both sides of lumber joists
and the top plates (Figure 1). Uplift load resulted in pushing the timber lumbar joist
away from the plates causing the delamination of the FRP strips from the wooden top
plates. The occurrence of the failure was at the interface of the plates and the lumbar
beams due to high amount of stress concentration in the corners (Figure 6). The failure
of roof-to-wall connection in simulations was consistent with the experiment [22] which
was Mode I: delamination failure. Similar observation was made in another study on the
failure mechanism of adhesives used with FRP [32].
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Three identical roof-to-wall connection uplift tests were performed in the experi-
ment [22]. The failure load of finite element analysis in roof-to-wall connections and the
experiment results were in close agreement with the discrepancy less than 3% as shown in
Table 1.

5.2. Parametric Study

Once the accuracy of the finite element analysis models was verified with the uplift
and shear tests by Canbek [22]; the validated finite element models were used for further
parametric study (Table 2).

Table 2. Parameters under study.

Model ID Description Objective

TCLU-CYC FEA model of uplift test component under
uniaxial cyclic load To simulate wind load more realistically

TCLU-CYC-G, C, B FEA model of uplift test component with glass,
carbon, and basalt ties under uniaxial cyclic load

To observe the effect of FRP material types as
ties

TCLS-A FEA model of shear test component with
anchorage

To observe the effect of anchorage
in increasing shear load capacity

TCLU-A FEA model of uplift test component with
anchorage

To observe the effect of anchorage
in increasing uplift load capacity
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5.2.1. Behavior of Control Model under Cyclic Uniaxial Tensile Load

The finite element model of roof-to-wall connection under uplift load, TCLU, was
subjected to cyclic loading. For the shear test model (TCLS), cyclic load was not considered
as in a standard test, the application of cyclic load would be impractical. Figure 7 shows
the applied uniaxial cyclic load. Similarly, a cyclic load [33] was applied to the validated
FEA TCLU roof–to–wall connection model in the vertical direction. A fraction of failure
load obtained from TCLU model subjected to static load was applied for few cycles and
then gradually increased for the same number of cycles until it reached the failure load.
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Figure 7. Cyclic load sequence for uplift test.

Critical nodes on GFRP tie with maximum displacement were selected in order to plot
load versus displacement curve. The observed compression on the FRP ties was trivial.

The FEA model of TCLU-CYC has a typical cyclic load applied on the wooden joist in
the direction shown in Figure 1. The magnitude of the load is calculated in Equation (3).

Cyclic load interval =
Distributed load multiplier ∗ maximum load

Area where force is applied
(3)

The TCLU model of roof-to-wall connection subjected to static load failed at 10,520 N.
For the cyclic load, the assumption was made that the TCLU-CYC would fail on or before
the maximum load failure of 10,520 N. Thus, the amplitudes were selected to be fractions
of 10,520 N. The load was applied for 10 cycles with each amplitude equivalent to 20%,
40%, 60%, 80%, and 100% of 10,520 N as shown in Figure 7. When failure was not achieved
after applying 100%, the amplitude was increased for another 10 cycles until failure.

In TCLU-CYC, failure was observed when the analysis stopped converging around
100% of the load. The load versus displacement of that section is shown in Figure 8. A study
by Ceroni [34] to examine the shear strength of RC beam strengthened by FRP under cyclic
load also reported similar results. From the slope of the load versus displacement curve,
the stiffness of the FRP ties was found to be approximately 37.85 KN/mm. The energy-
absorption capacity of the GFRP ties was assessed through the calculation of modulus
of resilience which is equivalent to the area under the curve and was approximately
526.48 MPa.



CivilEng 2021, 2 659

CivilEng 2021, 2, FOR PEER REVIEW 8 
 

 

ergy-absorption capacity of the GFRP ties was assessed through the calculation of modu-

lus of resilience which is equivalent to the area under the curve and was approximately 

526.48 MPa. 

 

Figure 8. Load versus displacement curve of GFRP tie. 

Figure 9a shows the load versus stress curve of GFRP tie under the cyclic load. The 

TCLU-CYC model depicts the effectiveness of the GFRP tie, since the deformation for each 

cycle during loading and unloading did not change drastically. It was observed that stress 

level upon loading and unloading was not the same for the same load. This is due to re-

sidual stress in the fiber. Likewise, Figure 9b illustrates the load versus strain curve of 

GFRP tie in the model TCLU-CYC. Since GFRP has linear elastic property, load versus 

stress or load versus strain are similar in nature. 

 

 

                          (a)                                                       (b) 

Figure 9. GFRP tie curves (a) Load versus stress; and (b) Load versus strain. 

0

2104

4208

6312

8416

10520

0 25 50 75 100 125 150

L
o

ad
 (

N
)

Stress (MPa)

10,520

0

2104

4208

6312

8416

10520

0 2000 4000 6000

L
o

ad
 (

N
)

Microstrain (µε)

10,520

10,520 

Figure 8. Load versus displacement curve of GFRP tie.

Figure 9a shows the load versus stress curve of GFRP tie under the cyclic load. The
TCLU-CYC model depicts the effectiveness of the GFRP tie, since the deformation for each
cycle during loading and unloading did not change drastically. It was observed that stress
level upon loading and unloading was not the same for the same load. This is due to
residual stress in the fiber. Likewise, Figure 9b illustrates the load versus strain curve of
GFRP tie in the model TCLU-CYC. Since GFRP has linear elastic property, load versus
stress or load versus strain are similar in nature.
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5.2.2. Effect of Various FRP Types on Roof-to-Wall Connection under Uniaxial Cyclic Load

Beside GFRP, performance of other types of FRP ties such as carbon fiber reinforced
polymer (CFRP); and basalt fiber reinforced polymer (BFRP) when subjected to monotonic
cyclic load (Figure 7) were also investigated. Mechanical properties of various FRP types
are shown in Table 3.
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Table 3. Mechanical properties of different FRPs.

FRP Type Elastic Modulus (GPa) Tensile Strength (MPa) Ultimate Strain (%) Poisson’s Ratio

GFRP [22] 26.12 612 2.34 0.3
CFRP [22] 165 2800 1.69 0.3
BFRP [32] 89 2804 3.15 0.3

For comparison, the stress versus strain curves of the fibers presented in Table 3 are
also shown in Figure 10.
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Figure 10. Stress versus strain curves of various fibers [35,36].

The properties of the GFRP SikaWrap® Hex-100 G and CFRP Sika CarboDur S512 used
in the FEA models were obtained from the manufacturer product data sheet [35]. GFRP
has higher tolerance for elongation than CFRP; however, CFRP has the capability of higher
resistance to load. The third fiber used in the present study was BFRP with comparable
strength and higher rupture strain compared to the CFRP. The properties of basalt fiber
reinforced polymer (BFRP) were obtained from [36].

Figure 11 shows load versus displacement curve for CFRP ties with the stiffness and
the modulus of resilience equal to 51.32 KN/mm and 359.85 MPa, respectively.
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Similarly, the stiffness and modulus of resilience of BFRP tie in the system was found
to be 45.20 KN/mm and 424.85 MPa, respectively (Figure 12).
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Figure 12. Load versus displacement curve of BFRP tie.

BFRP and CFRP ties showed similar tensile strength. However, CFRP provided more
stiffness to the system. In the design, if more energy absorption is desired, GFRP would be
a better choice, however, BFRP could provide higher deformation capability.

5.2.3. Effect of Anchorage on the GFRP Ties in Double Shear Test Model

Various FRP anchorages include anchor spikes, transverse wrapping, FRP strips, plate
anchors, bolted angles, and longitudinal chase [37]. Most studies on anchorages focused on
FRP strengthened concrete members [38,39]. To the best of authors’ knowledge, no study
has been performed on applying anchorage for FRP ties as wood connections.

In TCLS-A, anchorages were provided to the double shear model of roof-to-wall
connection of TCLS. Figure 13 shows GFRP anchorages with a width of 25 mm wrapped
around the wood blocks to anchor the GFRP ties. Due to the anchorage, the failure mode
changed from the debonding observed in TCLS model to the rupture of GFRP tie in TCLS-A
model. However, there was no increase in the shear capacity in TCLS-A as compared to
TCLS (Table 4).
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Table 4. Comparison of direct shear test models with and without anchorage.

Model ID Load (N) Mode of Failure Discrepancy

TCLS 20,867.55 Debonding
3.25%TCLS-A 20,231.20 Rupture of fiber

In TCLS model, the system was able to carry the load until the slip occurred followed
by debonding; but, in TCLS-A, anchorages were able to stop the slippage, resulting in all
the loads being transferred to the GFRP ties directly. These changes in the stress distribution
are also shown in Figure 14. Consequently, the load-carrying capacity of the system did
not increase but the failure mode changed from debonding to rupture of the GFRP ties.
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5.2.4. Effect of Anchorage on the GFRP Ties under Uplift Force

Next, the effect of anchorage is discussed on the roof-to-wall connection under uplift
load. Although, FRP wrapping provides clamping effect, FRP strip is another kind of
anchorage used for structural member strengthening, which can be glued over the pre-
installed fibers in the perpendicular orientation. FRP strips have been used to provide
anchorage in FRP strengthened reinforced concrete beams under cyclic load [34]. In the
present study, the GFRP strips were added to TCLU model at the intersection of top plates
and joist to generate an anchored model of roof-to-wall connection, TCLU-A, under uplift
load as shown in Figure 15.

As mentioned before, the TCLU model failed by delamination of GFRP ties from
the top plate. Anchorages in the form of GFRP strips were provided on both sides of the
lumber joist by applying 25 mm wide GFRP strips on top of FRP sheets at the interface
with high stress concentration. The failure now shifted to debonding failure of GFRP ties
from the lumber joist. Strengthening TCLU using anchorage resulted in increase of load
carrying capacity from 9855.52 N to 11,387.68 N which is an increase of 15.55% as presented
in Table 5.
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Table 5. Comparison of uplift test models with and without anchorage.

Model ID Load (N) Mode of Failure Discrepancy

TCLU 9855.52 Delamination
15.55%TCLU-A 11,387.68 Debonding

5.3. Design Considerations

In this section, two methods are used to analyze the design of the GFRP tie. In the
first method, the effectiveness of GFRP ties was evaluated by comparing shear and uplift
strengths to that of ASCE 7-16 [24] requirement and to that of traditional steel hurricane
clips obtained from an existing experimental study performed by Canbek [7]. In the second
method, the regression analysis was performed and an equation to calculate the shear
strength of the GFRP tie as a roof-to-wall connection was developed.

5.3.1. Comparison of Shear and Uplift Forces to ASCE Standards and Traditional
Hurricane Clips

Current roof-to-wall connections, such as toe nails, hurricane straps, and hurricane
clips, have not proved to be very efficient under combined loading of shear and uplift
forces [40]. One way to overcome this problem is by using GFRP tie as a roof-to-wall
connection. According to Florida Building Commission (International Code Council [41]),
Section 2321.7(2), wood-to-wood straps must be able to resist a minimum of 3114 N of
uplift load. Additionally, according to ASCE Standard 7-16, the connection should be able
to withstand the shear and uplift loads calculated by the Main Wind Force Resisting System
(MWFRS) method.

The most critical scenarios were selected from ASCE 7-16 [24]. In one scenario, a
700-year wind of 315 kmph and three-second gust was assumed to hit a building with a
mean roof height of 10 m in an open terrain with scattered obstruction (Exposure C). A
typical 11 m long roof span with 0.6 m overhang and slope of 20 degrees was selected since
this roof slope experiences the worst uplift force. A minimum of 48.8 kg/m2, including
self-weight, was applied to the roof to resist the uplift force. According to ASCE 7-16, the
calculated shear and uplift force values were 2058 N and 4432 N, respectively.

Furthermore, the shear and uplift load capacities of traditional and mostly used steel
hurricane clips were obtained from the experimental study by Canbek [7]. The average
uplift and in-plane shear strengths were 5832 N and 2202 N, respectively. The shear and
uplift loads of steel hurricane clips and GFRP ties are compared to the calculated values
from ASCE 7-16 as shown in Table 6.
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Table 6. Comparison of shear and uplift loads for different connections.

Load Type Strength Required (N) Strength Capacity (N)

FBC ASCE 7-16 Hurricane clips GFRP ties (FEA validated models) GFRP ties with anchorage
Shear - 2058 2202 10,434 10,116
Uplift 3114 4432 5832 9856 11,388

As demonstrated in Figure 16, while hurricane clip can provide sufficient shear
strength for a typical residential house subjected to wind speed of 315 kmph (195 mph),
it would not be able to withstand higher wind speeds. In contrast, the GFRP tie could
withstand five times higher shear force than the hurricane clips. Likewise, in terms of uplift
force (Figure 17), the GFRP tie outperformed hurricane clips by a factor of 1.75.
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5.3.2. Analytical Model

In this section, an analytical model is presented for the calculation of shear strength of
the GFRP tie with different bonded areas.

An analytical model is proposed based on shear strength results versus various bonded
GFRP areas (A through E) from the direct shear test performed by Canbek [22]. Table 7
shows shear strength of the various GFRP bonded areas, including TCLS validated finite
element analysis model (A’) in the present study.
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Table 7. Shear strength various GFRP bonded areas.

Model ID Area (mm2) Shear Strength (N)

A’ (Validated FE model) 5776 20,868
A 5776 21,540
B 3876 21,230
C 2601 20,680
D 1275 11,850
E 625 6800

Figure 18 represents comparison of regression models for GFRP tie and bolted connec-
tion since they are both double lap shear tests.

CivilEng 2021, 2, FOR PEER REVIEW 15 
 

 

 

Figure 18. Comparison of regression models for FRP tie and bolted wood–to–metal connections. 

The shear strength of bolted connections with various bolt diameters was calculated 

according to NDS for Wood Construction [42]. 

The schematic for the bolt connection is shown in Figure 19, where ts is the thickness 

of metal plate (side member), tm is the thickness of the wood (main member), and D is the 

diameter of the bolt. 

Side metal plate had a thickness of 16 gauge (1.26 mm). Shear strength of double-

shear bolt in wood-to-metal connection was calculated for various diameters of the bolt 

ranging from 6.25 mm (1/4 in) to 25 mm (1 in). The plot of bolts with various areas and 

their corresponding shear strengths are also shown in Figure 18. 

 

Figure 19. Wood-to-metal bolted connection in double shear. 

Likewise, a regression analysis was performed for the bolted connection with a value 

of R2 equal to 0.9883 indicating its accuracy. As a result, the following equation is pro-

posed. 

𝑍𝑏𝑜𝑙𝑡  =  3105.60 ln (𝐴𝑏𝑜𝑙𝑡) − 11,945 (5) 

y = 3105.6ln(x) - 11,945

R² = 0.9883

y = 7272.7ln(x) - 44,441

R² = 0.9237

0 2000 4000 6000 8000 10000 12000

0

5000

10000

15000

20000

25000

0 400 800 1200

Area of FRP (mm2)

S
h

ea
r 

S
tr

en
g
th

 (
N

)

Area of Bolt (mm2)

Bolt Connection FRP Connection Log. (Bolt Connection) Log. (FRP Connection)

10,000

15,000

20,000

25,000

10,000 12,000

Figure 18. Comparison of regression models for FRP tie and bolted wood–to–metal connections.

For the GFRP tie, a logarithmic trendline was the best fit curve for the data of bonded
GFRP area versus shear strength (Table 7) shown in Figure 18. This regression analysis
yielded the following Equation (4).

ZFRP = 7272.70 ln (AFRP) − 44,441 (4)

where, ZFRP is the shear strength of connection in Newton (N). AFRP is the area of the fiber
reinforced polymer sheets bonded to the wood in millimeter squared (mm2). The analytical
model presented in Equation (4) fits the data of bonded GFRP area versus shear strength
with an R2 value of 0.9237 indicating a reliable fit since it is close to unity.

The shear strength of bolted connections with various bolt diameters was calculated
according to NDS for Wood Construction [42].

The schematic for the bolt connection is shown in Figure 19, where ts is the thickness
of metal plate (side member), tm is the thickness of the wood (main member), and D is the
diameter of the bolt.
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Figure 19. Wood-to-metal bolted connection in double shear.

Side metal plate had a thickness of 16 gauge (1.26 mm). Shear strength of double-shear
bolt in wood-to-metal connection was calculated for various diameters of the bolt ranging
from 6.25 mm (1/4 in) to 25 mm (1 in). The plot of bolts with various areas and their
corresponding shear strengths are also shown in Figure 18.

Likewise, a regression analysis was performed for the bolted connection with a value
of R2 equal to 0.9883 indicating its accuracy. As a result, the following equation is proposed.

Zbolt = 3105.60 ln(Abolt)− 11,945 (5)

In Equation (5), Zbolt is the shear strength of bolted connection in Newton (N). Abolt is
the area of bolt in millimeter squared (mm2).

Comparing the curves of shear strength versus area of GFRP tie and bolted connections
(Figure 18), Equation (6) is proposed which is applicable when AFRP/Abolt is equal to 10.

ZFRP = ∅ Zbolt (6)

where,
∅ =

π

ts
(7)

Equation (7) was derived by trial and error. To validate the accuracy of the proposed
Equations (6) and (7) further, 16 gauge (1.26 mm thickness) metal side members were re-
placed with 14 gauge (1.63 mm thickness) side members. The 14 gauge (1.63 mm thickness)
metal side members generated a ∅ factor of 1.944 and 1.927 from regression analysis and
Equation (7), respectively, as shown in Table 8. This proves that the shear strength (ZFRP) of
a specific GFRP bonded area can directly be calculated from Equations (6) and (7) without
performing any experiment or regression analysis.

Table 8. Comparison of ∅ from proposed formula with ∅ derived from regression analysis.

Metal Plate Thickness, ts (mm) Equation (7) Regression Discrepancy

14 gauge 1.63 1.927 1.944 0.83%
16 gauge 1.26 2.435 2.377 2.38%

6. Summary and Conclusions

In the present paper, the finite element analysis and experimental results of an existing
study on wood roof-to-wall GFRP tie connections were compared to validate the accuracy
of FEA models subjected to static shear and uplift loads representing the effect of hurricane.
Typical connections such as hurricane clips and steel bolts were replaced with GFRP ties
to investigate their performance when subjected to hurricane loads. The roof-to-wall
connection with various types of FRP ties (GFRP, CFRP, and BFRP) were also subjected to
monotonic cyclic load for the uplift. Subsequently, anchorages were provided to secure the
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GFRP ties at the roof-to-wall connection interfaces. A regression analysis was performed for
GFRP ties and bolted connection using design guidelines from NDS for wood construction.
A formula for shear strength of GFRP tie was proposed after comparison of regression
analyses of GFRP tie and the bolted connection. The following conclusion are drawn from
this study.

• The results of TCLS and TCLU finite element control models of GFRP roof-to-wall
connections and experimental study were in good agreement with less than 3% dis-
crepancy and similar failure modes were observed under static loading condition.

• From load versus displacement data of the roof-to-wall connection under cyclic uplift
load (TCLU-CYC FE model) for various FRP types, stiffness and modulus of resilience
of the system were calculated. BFRP and CFRP ties showed similar tensile strength.
However, CFRP provided more stiffness to the system. In the design, if more energy
absorption is desired, GFRP would be a better choice. However, BFRP could provide
higher deformation capability.

• Although, the provided anchorages in the double shear model (TCLS-A) changed
the model of failure from debonding to the rupture of the GFRP ties, the shear load
capacity did not change.

• However, the anchorages provided in the uplift model (TCLU-A) exhibited substantial
increase of 15.6% in its load carrying capacity. The mode of failure changed from
peeling to debonding.

• The shear and uplift design strengths for the connection was calculated using ASCE
design provisions and compared with the hurricane clips and GFRP ties. Shear
strength of GFRP ties was 9.5 times the strength of hurricane clip; and GFRP ties
withstood 1.7 times more uplift force than a typical hurricane clip. Thus, GFRP ties
are much safer connections than typical hurricane clips.

• From the regression models of the GFRP tie and the bolted wood-to-metal connection,
the relation between the bonded area of GFRP tie to the area of the bolt in bolted
connection was established. Subsequently, shear strength of the GFRP tie connection,
with an area equal to 10 times the bolt area, is equivalent to π/ts times the shear
strength of the bolted connection calculated using NDS for wood construction.
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