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ABSTRACT

An experimental investigation was conducted to analyze the effectiveness of
repairing and retrofitting the intersections of flanged concrete block shear walls using
surface-bonded fiber-reinforced polymer (FRP) laminates for seismic load applications.
A total of 18 specially designed flange-web intersecting wall assemblages were tested
using 5 different schemes. Tests included wall intersections reinforced with
unidirectional FRP with the fibers oriented perpendicular to loading direction (90°),
parallel to loading direction (0°) and bi-directional (90°/0°), (90°/0°)* and (45°/135°) to
applied load direction. The behaviour of each wall specimen is discussed with respect to
its failure mode, strength and deformation characteristics. Results showed that the
laminates significantly increased the shear strength of concrete block shear walls
junction. In addition, the fiber orientation influenced the failure mode, strength and
stiffness. Moreover, depending on the fiber orientation, a significant enhancement to the
post-peak load energy absorption capacity of the web-flange intersection can occur. The
improved post-peak behaviour addressed the benefits of retrofitting concrete block wall
intersections for seismic load applications. The FRP-retrofitted specimens were capable
of reaching between 90% to 390% increase in strength compared to the unretrofitted

specimen constructed with traditional steel joint reinforcement.
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INTRODUCTION

Medium height buildings with masonry shear walls are common in urban
centers. Typically the limited ductility of these buildings results in relatively large
lateral seismic design loads. Therefore, T, I-, C-, Z-, L-, and W-shaped wall cross
sections (see Fig. 1) are often required to provide sufficient flexural strength
[Paulay and Priestley (1992)]. The addition of flanges to wall cross section area is
highly effective in increasing the resistance to bending but the resulting increase
in the lateral shear force due to the increased stiffness can create a problem.
Adding flanges does not significantly improve resistance to these shear forces. In
fact, a specific concern exists about the localized shear effect resulting from the
sudden change of section at the flange-web intersection. Moreover, the methods
used to connect the web and the flanges may also have an impact on the shear
capacity of this joint and the structural integrity of the flanged wall. If the
connection between the web and the flange is not properly designed to withstand
the shear stresses induced by the expected lateral design forces, then a significant
portion of the shear walls’ stiffness and strength will be lost.

Clause 1.9.4 of ACI530-05/ASCES5-05/TMS402-05 (MSJC, 2005)
addresses the design of intersecting walls and states that, for the transfer of shear
between walls, wall intersections or the connection should conform to one of the
certain requirements. However, no recommendations are provided in the MSJC
(2005) Code on how to calculate the actual shear transfer requirements at the

flange-web intersection.
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Structurally connecting intersecting (orthogonal) block walls and
strengthening the web-flange intersection in existing masonry buildings is being
recognized as a cost-effective technique to increase the strength of masonry
buildings to conform to new seismic code provisions (Drysdale et al., 2008).
Flanged walls are self-bracing against out-of-plane deformations which also
minimizes the slenderness effects (Drysdale et al. 2005). However, if the
connections between the flanges and the webs are not designed and detailed
properly, the composite action of the web and flanges may not be realized because
of the reduced capabilities of the intersection to transfer interfacial shear across
the flange-web interface [Fig. 2]. This also minimizes the effectiveness of the
flanges in providing bending resistance and lateral stability.

Current practice in North America utilizes horizontal truss-type joint
reinforcement (see Fig. 3) continuous across the intersection to provide the
connection between intersecting walls. This paper presents the experimental
results of a research program aiming at developing a cost-effective technique for
retrofitting intersecting concrete block walls in masonry buildings. Retrofitting
may be required due to changes in design loads that may result from the lack of
accurate design data at the time the building was constructed, alteration in
building occupancy or renovations, or adoption of more stringent seismic code
provisions.

Conventional retrofit techniques associated with the addition of framing

members or new walls are labor intensive, consume substantial valuable space
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and are intrusive. These factors cause buildings to loose their functionality during
retrofitting and cause significant economic impact to building users and owners.
In the past two decades, extensive research efforts focused on evaluating the
application of FRPs in strengthening masonry walls subjected to out-of-plane or
in-plane loads (Triantafillou 1998; Velazquez-Dimas and Ehsani 2000; Albert et
al. 2001; Hamilton and Dolan 2001; Hamoush et al. 2001; Kuzik et al. 2003; Tan
and Patoary 2004; Ehsani et al. 1997; Hamid et al. 2005). However, no work was
conducted on strengthening the connection between intersecting masonry walls or
to create this connection when needed. Unlike traditional FRP laminate retrofit of
masonry walls against in-plane and out-of-plane loading, FRP connection of
intersecting walls is challenging because of the geometry of the connection. The
sharp change in FRP orientation creates a need to examine failure modes and
deformation characteristics at the flange-web intersections. Therefore, an
experimental investigation was conducted to assess and evaluate the strength of
the FRP/wall system in transferring the interfacial shear from the web to the
flanges and hence enhance or act as a replacement of conventional steel joint

reinforcement.
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DEVELOPMENT OF TEST METHOD

The selection of an appropriate specimen configuration was based on work
of Drysdale et al., 2008. The following sections will summarize and discuss the
choice of the most appropriate specimen configuration. In their study, Drysdale et
al., 2008 conducted an exploratory investigation to study the behavior of flanged
concrete block masonry walls. Seven prototype specimens were tested prior to
finalizing an appropriate specimen that was able to simulate the interfacial shear
transfer occurring at the flange-web interface regions of intersecting shear walls.
The objective of the research was to produce the desired failure mode, simulate
field construction, ensure simple construction and testing, and to create a
statically determinate specimen, to avoid difficulties in interpreting the test
results.

Lessons learned through the experimental work performed on prototype
specimens led to the selection of the configuration of the final specimens [Fig. 4].
To assist with the interpretation of results only one Truss-Type Joint
Reinforcement (TTJR) was used per intersection. To facilitate measurement and
development of post-cracking deformation, a 200mm gap was left below the web
blocks. To minimize the bending stresses on the flange-web intersections, loading
and support lines were kept as close as possible, as shown in Fig. 4, to minimize

eccentricities and additional bending stresses across the interface.
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Figure 4: Assemblage size and configuration

EXPERIMENTAL PROGRAM

The primary objective of the present experimental study is to investigate
the effects of different FRP retrofit schemes on the failure mode, strength and

deformation characteristics of the retrofitted intersecting block walls. The
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following retrofitted specimens were tested with three repeat specimens in each
case:

1. Series R90° with unidirectional fiber oriented perpendicular (90°) to load
direction;

2. Series R0O® with unidirectional fiber oriented parallel (0°) to load direction;

3. Series R90°/0° with bi-directional fiber oriented at (90°/0°) to load direction;

4. Series R(90°/0°)* with two layers of bi-directional fibers oriented at (90%0°) to
load direction; and,

5. Series R45°135° with bi-directional fiber oriented at (45°/135°) to load

direction.

To compare the different retrofit schemes, identical As-built (Series A)
specimens were constructed and tested under the same conditions as Series R
specimens. This brings the total to 18 intersecting wall specimens 15 retrofitted

(R Series) and 3 unretrofitted (A Series).

Material Properties

Nominal 25 MPa (40 20 20 cm) standard hollow concrete masonry blocks
certified to meet the provisions of ASTM C-90-06b standard and Type S mortar
(ASTM C-270) was used in the construction of the walls. The GFRP had 0.915
kg/m? of E-glass fibers in the form of woven fabric in one direction with roving in

the orthogonal direction as weft to stabilize the fabric. The properties of the GFRP



M._Eng. Report - S.George - Dept. of Civil Engineering, McMaster University

composites, given in Table 1, determined according to ASTM D-3039
specification, were supplied by the manufacturer. A detailed study conducted by
El-Dakhakhni et al. (2004) evaluated the effect of different GFRP laminates on
the behaviour of masonry assemblages and concluded that the use of the GFRP
laminate, similar to the one used in the current study, was most effective in
preventing in-plane shear failure of the tested specimens. All specimens were
constructed with face shell mortar bedding [i.e. mortar on only the face shell of
the block was used]. The mortar joints were tooled to produce a concave profile.
The tooling produces a denser compacted surface and forces the mortar into tight
contact with the masonry units. The mortar mix prepared met ASTM C270-07
specifications. The average mortar strength was found to be 22.2 MPa with a
9.0% COV. Three 50 mm mortar cubes were taken from each mortar mix and
tested for compressive strength as per ASTM C-109/ C109M-05. Commercially
available TTJR that conformed to MSJC (2005) and CSA S304.1 requirements
were used. The mechanical properties of the TTJIR, as determined per ASTM

A82/ A82-05a, are shown in Table 2.

Table 1: Glass Fiber-Reinforced Polymer Composites and Dry Fibers Properties

Composite laminate Dry fiber properties
properties

Ultimate tensile 575 Tensile 3.24
strength in strength(GPa)

primary fibers

direction (MPa)

Elongation at 2.2 Ultimate 4.5
break (%) Elongation (%)

10
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Tensile 26.1 Tensile 72.4
Modulus (GPa) Modulus (GPa)
Ultimate tensile  25.8 Density (g/em®)  2.55
strength 90° to

primary fibers

direction (MPa)

Laminate 1.3 Weight (g/m*) 915
thickness (mm)

Table 2: Truss-Type Reinforcement Size and Properties

Longitudinal Wires Cross Wire

properties properties
Wire Diameter(mm) 4.76 3.66
Cross-sectional area  17.80 10.52
per wire (sq.mm)
Yield strength 482.6 482.6
(MPa)
Tensile strength 551.58 551.58
(MPa)

Test Setup and Instrumentation

The choice of loading assembly was based on work done by Drysdale et
al. (2008). All of the assemblages utilised the same loading assembly as described
herein. Figure 4 shows the typical test set-up. The specimens were loaded using a
displacement-controlled actuator and loads were recorded using a 400 kN load
cell. A spreader beam in conjunction with roller supports was used to transfer
loads from the actuator to the web of the specimen as close as possible to the
flange-web intersection (see Fig. 4). Locating the loading plates and support
rollers as close as possible to the flange-web intersection facilitated subjecting the

specimen to a state of nearly pure shear by minimizing additional flexural stresses

11
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across the interface due to eccentricities. The steel bearing plate located under the
loading and above the support rollers was used to prevent local bearing failure
mode. Specimens were placed on a hydrostone bed on the testing floor. Four
LPDTs (Linear Potential Displacement Transducers) were placed on the
assemblage as shown in Fig. 4. The LPDTs & load cell were connected to a PC
Data acquisition system. Two LPDTs were located on the ADL floor to measure
vertical displacement of the web near the flange-web intersection. The other two
LPDTs measured any possible horizontal displacement at the intersection. The
two vertical LPDTs had a 25.4 mm nominal gauge length and the two horizontal

LPDTs had a 12.7 mm nominal gauge length respectively.

Preparation of Test Specimens

The construction of wall specimens was performed by the same skilled
mason within one week to minimize the effect of workmanship on altering the
results. All specimens tested for the scope of this project required two TTJR per
specimen crossing each flange-web intersection. The horizontal TTJR welded tees
were located in the bed joints with only face shell bedding. Because of the short
web length (one block long), the manufacturer-supplied TTJR tees had to be
trimmed, to limit more than one tee crossing a flange-web intersection. Figure 4
shows the location of the TTJR tees on the third course from the bottom of the
specimens. However, even though there was overlapping of tees in the web area

of the specimen, only one tee was allowed to cross the flange-web intersection.

12
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This simplified the interpretation of the results and reflected actual construction as
well.

Specimens were constructed according to common practice in North
America with face shell bedding, no re-tempering of the mortar was allowed and
all mortar joints were tooled to a concave profile. All specimens were air cured
for at least 90 days before testing. Wood spacers and stretcher units were located
directly under the web during construction to behave as temporary shoring until
the mortar cured and to prevent any premature web slippage. The stretcher unit
and wood spacers were removed after curing to allow for installation of LPDTs to
measure vertical displacements.

Three of the 18 specimens were not retrofitted to be tested as the control
specimens, the remaining 15 were retrofitted with GFRP Composite laminate
using different schemes according to the following application procedure. The
epoxy mix was prepared per the manufacturer’s specification for mix-ratio and
mixing procedure. Specimen surfaces were first wire brushed and vacuumed for
dust to get proper bonding surface. The epoxy moisture was applied on the pre-cut
fabrics with a paint roller on each side. The saturated fibers were then applied on
to the specimen surface and more epoxy was applied as required to ensure proper
bond between the composite laminate and the concrete masonry substrate. Proper
bond, especially near the intersection, was ensured by manually squeezing out any
trapped air voids or excess epoxy. Retrofitted specimens were allowed to air cure

for a minimum of 72 hours before testing per the manufacturer’s specifications.

13
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TEST RESULTS AND DISCUSSION

The test results are summarized in Table 3, and discussed in the following

section with respect to failure modes, strengths, and deformation characteristics.

Table 3: Experimental Results of Test Specimens

Vertical slip | Average | Standard
Series Specimen | Failure Load, | at ultimate failure Deviation
L P (kN) load (mm) | Load (kN) (kN)
1 41 4.46
A 2 51 9.36 47 5
3 48 1.17
1 106 2.07
R90° i 99 1.00 97 10
3 86 117
1 94 1.53
R0O° 2 96 9.63 89 10
3 78 1.10
1 148 2:12
R90°/0° & 144 8.35 142 7
3 136 1.78
1 233 1.90
R(90°/0°)* 2 226 023 229 4
3 228 2.87
1 214 1.32
R45°/135° 2 229 1.43 214 15
3 199 1.95
Series A:

Failure Modes: Initial failures of all three as-built specimens were characterized

by a shear-slip failure along the block-mortar interface at the flange-web

intersection [Fig. 6(a)]. This slip did not occur simultaneously on both sides of the

web. After initial slippage, the specimens exhibited significant post-slip

14
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capacities. Final failure was characterized by a snapping noise indicating failure
of the TTJR. Closer inspection of deformed truss revealed two types of failure
[Fig. 6(b)] in the TTJR: yielding of the longitudinal rods of the truss or fracture of
the weld at the intersection of the longitudinal and diagonal truss members. One

of the three specimens suffered spalling of the concrete near the intersection [Fig.

6(c)].

Strength Characteristics: For the A-Series specimens, the initial capacity was
provided by the shear strength of the mortar at the intersection. Once cracking and
slippage occurred there was a temporary reduction in load carrying capacity as
indicated by the descending trend in Fig. 7. With further web displacements,
substantial load carrying capacity developed as indicated by the ascending portion
of the load-displacement curve in Fig. 7. The residual load-carrying capacity post-
slippage is attributed to the shear friction along the failure surface as proposed by
Drysdale et al. 2008. Essentially as the web displaced downwards, the TTJR was
engaged and began to deform, and, subsequently, was subjected to tension. The
horizontal component of this tension force multiplied by the coefficient of friction
at the web-flange intersection, resulted in a vertical force opposite to the applied
load [Fig. 5]. At some instances the post-slip capacities exceed the initial peak
capacities; however the gain in strength was nowhere near the pre-slip peak value.
This can be seen in Fig. 7 for Specimen A-3(see bold line). The average ultimate

capacity of the three A-Series specimens was 47.0 kN [Table 3].

15
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Deformation Characteristics: A typical load-displacement relationship for
Series-A is shown in Figure 7 (see bold line). A linear load-displacement
relationship from point a to ultimate load (point ») is visible. Beyond point b,
shear-slip occurred via cracking of the flange-web mortar interface. This can be
seen by the stiffness degradation on the graph from point b to c. After the shear-
slip crack, a load reduction to point ¢ can be noticed. However, a gain in stiffness
from point ¢ to d resulted in capacity increase (post-slip maximum load) but it
was still well below peak pre-slip load. Continued displacements, resulted in a
decreasing load carrying capacity due to the yielding of the TTJR, therefore no
other sources of strength existed in the A-Series specimens. The average recorded
pre-slip displacement was 0.86 mm and the average residual post-slip
displacement was 5.63 mm as can be seen in Fig. 19.

1 r R shell o che
Hange Blovks

A
|

or l? Ewl wob of the
T sl blocky

T

A= . ) st
Vettial shear |=) B [cost) { “ii:b
slp plane S Tens | (splacement
=
‘ _ (&) After slip deformation
(8} Free body disgram four the trwss reinforcemen:

Figure 5: Truss reinforced specimen behaviour proposed by Drysdale et al. (2008)

T = tension force developed by the reinforcement crossing the intersection

16
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Vv = vertical component of the truss reinforcement tensile force in the deformed

position

0 = angle of reinforcement crossing flange-web intersection after shear slip

1 = coetficient of friction.

Shear-slip
of mortar

Concrete
Spalling

7

Weld Failure at
tie connection

SO ©

Figure 6: Failure modes-Series A specimens: (a) Shear slip of mortar, (b) Weld
Fracture, and (c) Spalling of concrete
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Figure 7: Load vs. displacement relationship for Series A specimens
Series R0’

Failure Modes: Initial failure was indicated by tearing [Fig. 8] of the FRP
laminate sheet in the vicinity of the flange-web intersection. This type of failure
was also reported by Ehsani (1997) and El-Dakhakhni et al. (2004). Final failure
was characterized by a snapping noise indicating failure of steel TTJR. Closer
inspection of the deformed truss members showed, again, two types of failure
[Fig. 6(b)] in the TTJR: yielding of the longitudinal rods of the truss or fracture of

the weld at the intersection of the longitudinal and diagonal truss members.

Strength Characteristics: Four sources of strength available for assemblages

with the above mentioned retrofit scheme are shear strength of mortar, composite
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laminate strength and steel reinforcement induced shear friction caused by the
elongation of the steel truss members. Unlike the A-Series, initial resistance of
Series RO to applied load was supplied by the shear strength of the mortar and the
stabilizing weak fibers (oriented orthogonally to load direction) which later
sheared-off as expected. The composite system provided the intersection with an
increased load carrying capacity [Fig. 19] and stiffness by delaying the shear-slip
of the mortar at the intersection. After slip, any residual capacity was provided by
the steel TTJR and the induced shear friction mobilized by the elongation of the
steel rods.

In retrospect, orienting unidirectional fibers parallel to load direction seems
inefficient because any resistance by the laminate would be offered by the
shearing of the epoxy and fibers in the weak direction. In addition, tearing of the
laminate is a fairly brittle failure mode compared to delamination and other failure
modes observed in other specimens as will be shown later. The average load
carrying capacity of the assemblages tested in this phase was 97 kN [Table 3],

almost twice the capacity of the A-Series [Figure 20].

Deformation  Characteristics: The load-displacement relationship of
assemblages tested for this phase is shown in Fig. 9, with a typical relationship
(for Specimen Series R0°-2) shown in bold. From the graph, the load-
displacement relationship is linear up to maximum load (point ) is visible. From

point b to ¢, the slipping of the web is observable. It is believed that, the FRP
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resulted in this stiffness enhancement and in the delay of the shear-slip of the
mortar at the flange-web intersection.

However, because the main fibers were not engaged in resisting the shear due
to their orientation, no further residual capacity was available. Therefore a
decreasing trend is noticed from point b to c. Continued displacements, resulted in
a gain in load carrying capacity attributed to the deformation of the steel rods in
the TTJR. This increase in stiffness occurred up to point d. A decreasing load
carrying capacity due to the yielding of the longitudinal steel ties occurred at
point d, therefore no other sources of strength remain in the A-Series specimens.
The average recorded displacement at maximum load was 1.41 mm as shown in

Fig. 19.

Rupture
of GFRP
Laminate

Figure 8: Failure mode — Series R0’
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Figure 9: Load vs. displacement relationship for Series R0° Specimens

Series R90°

Failure Modes: Similar to the previous specimens, the initial failure for the
specimens tested in this phase was a shear-slip along the vertical flange-web
intersection. However, unlike Series R0 specimens, the GFRP provided residual
post-slip capacity. At times, the post-slip peak load was higher than the pre-slip
peak load. The FRP failure mode was a partial delamination in the vicinity of the
vertical intersection. However, because the fibers were not able to sustain shear
deformations, the failure mode for the laminate system was similar to that of
dowels as shown in Fig. 10. Ultimate failure was characterized by snapping of the

steel rods.
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Strength Characteristics: The load-displacement relationship of assemblages
tested for this phase is shown in Fig. 11, with a typical relationship (for Specimen
Series R90°-2) shown in bold. Comparing the pre-slip load-displacement trend for
Series RO” and R90° in Fig.19 provides two valuable observations. First, the peak-
load was roughly the same for both phases, indicating that the resistance may
have been provided by the shear strength of the epoxy layer of the laminate
system and the mortar at the intersection. Secondly, the stiffness of the specimens
was almost identical up to peak load for both phases. However, the major
improvement that specimens of this series achieved was the enhancement to the
post-peak behavior compared to Series R0 specimens. This will be discussed in
the following section under deformation characteristics. After undergoing large
displacements, resistance to applied load was supplied by the TTJR due to
elongation based on the same mechanism as explained earlier. The average
ultimate capacity of the three specimens tested was 89 kN [Table 3]. An increase

of 1.91 times its unretrofitted specimen’s capacity [Figure 20].

Deformation Characteristics: A typical load-displacement relationship is that
of Specimen Series R90°-2 shown in Fig. 11. The relationship is almost linear (a
to b) up to the pre-slip peak load. After shear-slip, the load carrying capacity
decreased up to point c. After sufficient deformation had occurred, the fibers
within the FRP laminate were engaged. From point ¢ to d, one can notice the

substantial post-peak residual capacity. In addition, a ductile failure mode, as
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indicated by the plateau (c to d) was achieved. This enhancement to the post-peak
behavior is attributed to the fact that the FRP fibers had to deform from its 90°
orientation to provide any resistance to applied load. This is confirmed by
observing Fig. 11, where one can notice that with increasing displacement, there
was a progressive degradation of stiffness from point ¢ to d, indicating fibers
undergoing dowel action and re-orienting with increased specimen capacity. In
Fig. 19, comparing the typical load-displacement trend of Series R90° and R0° it
can be noticed that both series are almost identical up to a displacement of
approximately 5.0 mm. However, after 5 mm, Series R0° specimens experienced
a continuous degradation of stiffness after reaching pre-slip peak load. The fiber
re-orientation of Series R90° specimens resulted in an improved pseudo-ductile
behaviour, as indicated by the plateau in Fig. 19. Comparison between Series
R90° and RO demonstrates the importance of fiber orientation on the post-peak
behavior of the retrofitted specimen. The average recorded pre-slip displacement
was 1.2 mm and the average residual post-slip displacement was 4.1 mm [Fig.

19].

Dowel
Action

Parttal
Delamination

Figure 10: Failure mode — Series R90°
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Figure 11 : Load vs. displacement relationship for Series R90° Specimens

Series R9O°/0°

Failure Modes: Using two orthogonal layers of the unidirectional fibers meant
that vertical deformation of the horizontal fiber engages the connected vertical
fiber into tension; thus resulting in a diagonal tension state (see Fig. 12) of stress

in the laminate system.
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Figure 12 : The two diagonal tension fields

Initial failure for specimens associated with this phase of testing was
characterized by a shear-slip along the flange-web intersection of the composite
assemblage. Unlike Series R0 specimens, the tearing of the laminate was not
sudden. Failure of the laminate commenced with partial tearing followed by
partial delamination and was concluded by complete tearing of laminate system
[Fig 13]. Failure modes exhibited by this series were combinations of those
sustained by Series R0° and R90° specimens. As expected, final failure was

characterized by a snapping noise indicating failure of steel TTJR.
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Strength Characteristics: Application of two layers of laminate provided the
assemblage with improved performance compared to those of Series R0O° and
R90°. The maximum average load achieved for specimens in this phase was
roughly 50% more [Table 3] than those of Series R0® and R90°. Sufficient epoxy
bond strength was available to transfer stresses from the 1% laminate layer to the
next. Therefore under sustained loading, the load path was provided by the 90°
laminate of the base layer displacing vertically and engaging the strong horizontal
fibers to undergo dowel action similar to Series R90°. Moreover, the shear friction
component of this force helped improving the specimen resistances. The vertical
displacement also resulted in the partial tearing of the composite laminate system.
Once partial delamination and/or tearing occurred, transfer of forces to the steel
TTIR resulted, ultimately, in their failure. The average ultimate capacity of Series
R90°/0° specimens tested was 142 kN [Table 3], approximately 3 times Series A

specimen’s capacity [Figure 20].

Deformation Characteristics: The load-displacement curve of Specimen
R90°/0°-2, shown in Fig. 14(bold line), indicates that the stiffness of the
assemblages tested in the phase is almost constant and linear from point a to point
b. From a to b, the laminate was able to improve the stiffness of the intersection,
thus delaying the shear-slip of the mortar at the intersection. Stiffness degradation
occurred after achieving a peak load, indicating slipping of the web up to point c.

After sufficient deformation occurred, a positive stiffness resulted in a new post-
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slip peak load (point d). This residual capacity was offered by the dowel action of
individual horizontal fibers of the 90° GFRP layer. There was a progressive
degradation of stiffness, just as experienced by the composite assemblages of
Series R90°. Large deformations resulted in the steel ties getting engaged into
tension and causing final failure through yielding and fracture.

Comparison between pre-slip load-displacement [Fig. 19] trend for Series R90°/0°
to that of R0° and R90° indicated the following observations: the use of the bi-
directional laminate resulted in improved pre-slip stiffness of the wall specimen.
In addition, the horizontal fibers directly affect the pseudo-ductility of the
composite assemblage. The average recorded pre-slip displacement was 1.33 mm

and the average residual post-slip displacement was 4.08 mm [Fig. 19].

Rupture

Partial of GFRP
Delamination Laminate

Figure 13: Failure mode — Series R90°/0°
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Figure 14: Load vs. displacement relationship for Series R90°/0° Specimens

Series R(90°/0°)°

Failure Modes: Initial failure of this series was also a shear-slip of the mortar at
the flange-web intersection. Doubling the thickness of GFRP aimed at eliminating
the vertical tearing of laminate as a governing failure mode, since it is brittle in
comparison to delamination. However, the final failure mode achieved in this
series was of a brittle nature through formation of a crack through the webs of the
blocks and ultimately tensile splitting of the concrete masonry units(CMU)
through the faceshells (see Fig. 15). The splitting of the CMU is due to the
induced lateral tensile stresses developed in the laminates, which resisted the
vertical displacement of the web block relative to the flange at the intersection.

This shows the implication of increasing the laminate density on altering the
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failure mode of composite retrofitted walls. Unlike the previous retrofit schemes,
the steel TTJR did not fail since failure was caused by masonry failure as will be

discussed in the following section.

Strength Characteristics: The strength of the composite assemblage was
controlled by the tensile splitting strength of concrete masonry unit (CMU). This
is due to the interfacial stress between the GFRP laminate and the concrete
masonry units. The stronger GFRP and the epoxy bond between the laminate and
concrete block was sufficiently high to eliminate tearing as the predominant
failure mode as observed in the previous phases of the project. Application of load
causes the laminates fibers to go into tension, causing a tensile force on the
faceshell of the concrete blocks.

The double thickness of GFRP laminate ensured that none to very little shear
deformation occurred. The GFRP laminate was able to improve the strength and
stiffness of the mortar joint, thus delaying the onset of shear-slip. Therefore, the
critical weak link was the concrete block itself. Due to the high stiffness of the
specimens, very little deformation occurred; therefore the concrete block was not
able to engage the TTJR. Therefore, only sources of the strength were the mortar
along the vertical intersection, laminate system and the concrete block itself.

The average ultimate capacity of the three specimens tested was 229 kN [Table

3], approximately 4.91 times Series A specimen’s capacity [Fig. 20].
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Deformation Characteristics: The average load-displacement relationship of
R(90°/0°)*-1, shown in Fig. 16(bold line) can be considered typical for the
discussion of this section. The load-displacement relationship was linear up to the
peak load (point 4) as can be seen in Figure 16. After achieving peak load the
assemblages were not able to sustain this load level for increasing deformation.
Even though the specimens of this phase were the strongest among the entire
retrofit schemes, Fig. 19, shows that the load-displacement relationship was
considerably more brittle than the previously tested phases. Point ¢ represents
failure when the faceshells within the CMU split and testing was terminated.
Figure 19, also shows the improved stiffness of the double thickness laminate
system which was able to delay the shear-slip of the mortar at the flange-web
intersection. The average recorded displacement at peak load was 4.66 mm [Fig.

19].

Tensile
splitting

Figure 15: Failure mode — Series R (90°/0°)?
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Figure 16: Load vs. displacement relationship for Series R (90"/0")2 Specimens

Series R45°/135°

Failure Modes: The failure mode for the specimens associated with the retrofit
scheme employed in this phase was of complete delamination of the laminate at
either side of the intersection [Fig. 17]. This was followed instantaneously by the
yielding of the steel ties. This can be attributed to the transfer of stresses from the
laminate system to the only remaining source of strength of the assemblage which
are the steel ties. Shear-slip of the mortar at the intersection would have occurred

prior to the transfer of stresses to the steel ties.

Strength Characteristics: The orientations of the fibers selected in this phase

prove to be an efficient means of increasing the strength of the composite
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assemblage. For the same fabric density, specimens of series R45°/135° were able
to achieve average peak loads 1.5 times that of the R90°/0° [Table 3]. This can be
explained due to the higher stiffness of the laminate system; which is attributed to
the fibers being subjected to direct tension. The average ultimate capacity of the
three specimens tested was 214 kN [Table 3], an average increase of 4.6 times
Series A specimen’s capacity [Fig. 20].

The fibers oriented at 45 ° to the loading plane are subjected to axial tension.
However, orienting unidirectional fibers at 135 ° to the plane of loading seems
inefficient because any resistance by the laminate would be offered by the axial
compression of the strong fibers. GFRP Laminates are utilized for their strength
in tension and not compression. However, the assemblage being tested in a full-
scale wall would require fibers oriented in both directions due to the possibility of
load reversal when subjected to a seismic load. Therefore, to represent in-situ
conditions, the assemblages of this series were retrofitted with unidirectional

fibers at 45° and 135 ° to the loading plane.

Deformation Characteristics: The load-displacement curve of Specimen
R45°/135°-2, shown in Fig. 18(bold line), indicates that the stiffness of the
assemblages tested in the phase is almost constant and linear from point a to point
b. Beyond point b, the specimens exhibited almost perfect brittle failure.
Specimens of this series exhibited almost constant stiffness up to failure (point b).

An important observation here is the impact of fiber orientation on the
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deformation characteristics of the assemblage. The orientations of the fibers
selected in this phase prove to be supply the highest stiffness most efficiently
among all the retrofit schemes tested. This can be seen in Figure 21, where the
single thickness of FRP laminate in the R45°/135° series had as much stiffness as
the double thickness of FRP laminate used in the R (90%/0°)* series. However, on
average, the displacements at ultimate load for Series R45°/135° specimens were
38 % that of the specimens tested in Series R90°/0°. The average recorded

displacement at peak load was 1.56 mm [Fig. 19].

Complete
Delamination

Figure 17: Failure mode — Series R45%/135
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Figure 18: Load vs. displacement relationship for Series R45°/135° Specimens

CONCLUSIONS
Three unretrofitted and fifteen retrofitted intersecting masonry
assemblages were tested under different retrofit schemes. Tests included
assemblages retrofitted with unidirectional fibers (0°), unidirectional fibers (90°),
bidirectional fibers (90°/0°), bidirectional fibers (90°/0°) — Double thickness &
bidirectional fibers (45°/135°) subjected to direct shear at the flange-web
intersection. The following conclusions were derived from the exploratory
investigation:
1. The GFRP laminates increased the load-carrying capacity of the
intersecting masonry assemblages, exhibiting shear-failure of the vertical
mortar joint (as-built), tearing of the FRP laminate (0°), partial

delamination (90°), a combination of tearing and delamination (0°/90°),
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tensile splitting of the concrete block (Double thickness- 0°/90°), &
complete delamination of GFRP laminate(45°/135°%). Increase in shear
strength capacity varied from 1.91 to 4.91 times the as-built specimens
[Fig. 20].

2. Assemblages retrofitted with GFRP strong fibers oriented orthogonally to
load direction (Series R90°) prove to improve the post-peak behaviour the
most by providing some kind of pseudo-ductility [Fig. 19].

3. The single layer of GFRP with strong fibers oriented (45°/135°) to load
direction prove to be most efficient in improving the stiffness of the
composite assemblage prior to shear-slip of the vertical mortar joint [Fig.
21].

4. Fabric density had a direct impact on strength & altering the failure mode
from the GFRP laminate system to the concrete block.

5. Fabric orientation proves to directly affect strength and stiffness of the
composite assemblage [Figure 20 and Figure 21].

6. Depending on service use; density and orientation can be adjusted to
improve the strength, post-peak behaviour and stiffness of intersecting
shearwalls. The GFRP laminate system has helped to improve the
performance of the as-built specimens and address the need for the seismic

retrofit of intersecting shear walls.
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Figure 19: Load vs. displacement relationship (averaged) for different series
specimens
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Figure 20: Variation of shear strength of various retrofit series compared to as-
built specimens
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Figure 21: Variation of pre-slip stifftness of various retrofit series compared to as-
built specimens
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NOTATION

The following symbols are used in this paper:

FRP

GFRP

TTIR

COV

LPDT

CMU

Fiber-Reinforced Polymer

Glass Fiber-Reinforced Polymer
Truss-Type Joint Reinforcement
Coeftficient of Variation

Linear Potential Displacement Transducers

Concrete Masonry Units
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Fabric - ten years 1 propey storags condidons
STORAGE CONDITIONS

Store at 40° 0 57 F (47 10 32° C). Avoid freszing.
Store rolfls fiat, not oo ends, Smperalures
below 100°F (38°Ch. Avod moisture and water
contamination

CERTIFICATE OF COMPLIANCE

© Will be suppiied ugon request, compleie
with state and federal pachaging laws
with copy of fabels used

unopsned and

¢ Materiai safety

* Possesss
1007 Tyfo® SE

Curing Schedule 72 hours post cure at 14 (G0* C)
ASTM TYPICAL
PROPERTY METHOD TEST VALUE®
T, ASTM B-4065 180°F (32°C;
Tensite Strength’, psi ASTM D-538 19,500 pei
Type 1 {724 MPa;
Tensie Modutus, psi ASTM D-835 451.00C psi
Type 1 {3.18 GPa)
Eiongation Fercent ABTM D-838
Type 1
ural Strength, psi ASTM D-750 17,3C0 psi
{123.4 MPa;
Flzxural Modulus, psi ASTHM D-7S0 453 000 psi
{342 GPay

g emperatire: TOFF
fication walkies can be pom

Croszhead speed: 23 {13mmmin.
{ upan request,

3rigs inEw

B-005S -

Figure A.1 - Fibreglass Cloth [reproduced from Fyfe Co., 2008]
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DESIGN

f6® System shal be designed  mes!
wan oriteria.  The uriissis for sach
dictated ¢ .'1 i the enginesy
dor guitdelnes.
on the allowabls
Hrair for 2ach iy the design
medulus of the e o LLES

anginesrng shafl witl "rwm predminasy design
at o ohligation.

INSTALLATION
Tyfe® Sysizm o he &

o by Fyis Co. LLS
raned and cortfied appicaiors.  Inslaligiion
shafi be in strivh complianes with the Fyle Co
LLC Qualty Control Mamsal.

SURFACE PREPARATION
Tre fequiréd ik pregaration 18 largely
{ 2 of element baing
he surface must be
fre-; of protrsions of cavities,
e vaide Hehind tha Tyto®

(I)thUa r;epmg surfaces
oiC. Hypicaly requive 2
g B ather aporoved methods
ve o honding. Tyfo® Fbrwrag® Anchaors
incorporated it some designs. The Fyfe
LLE sngineseg staff wil orovide he proper
catons and detalls based on the praent
epments

MIXING

For pre-measured units in S-gallon (350
containers, gow the contenia of componant
B inta the pait of component & For drums,
premiy 23ch componsent 1800 parts of
cemponent Ao 42.0 pans of companent B by
voluree {150 parts of component A 10 34 5 pans of

cosrponent B By weight thoroughty for five
minutes with a Tyfo® low spead tixer 3t 405-600

RPR untl uniformily blessted.

APPLICATION

Faed fabric fwough the Tyflo® Saturater ana

apply using the TyRo® wrapping squipment of

approved hand methods. Ses data sheeton this

sguipment. Hand saturation is siowabls,

provided the spowy is app!;e{t unifermly ang
i

LIMETATIONS
Minimum appiicadion temperature of the epoxy
i3 40°F {2°C). DO NOT THIN, sohvents will

prevent pIOpEr CUe.

COMPONENT A - Irritant.

Froignged contact skin may cause

COMPONENT B - liritant:
Contact with may tause severe b

Proguct is & slieng
ety qongles and chems-
anded. Remove

Avoid sye ¢

cal res5 tmtgme racom
contamnated i i
use adequae iUze of an organic
vapeor respirated renomrended.

SAFETY PRECAUTIONS

Use of approved pasticie mask s g
for possibie akborne parliclss
Gloves are recommendss when handing
fabricsto avold ekinariation. Safetyglasses ame
recormmendst 1o revent eye irfiabon.

7

FIRST AID
in caze of skin cuntact, wash thoroughly with
soap ang water. For s,ze contact, flush
immed m‘y For respi

to fresh air. Wash dothing

CLEANUP

Coliant with ghaorbent matevial, flush with
water. Dispose of & accordance wih focal

disposal reguiations. Unouced materisi cas he
repeovad with approved sobven. Cured mixerisls
can only be removed mechanicaly

Fyie Co. LLC

Tyfos Fibrwraps Systoms
Hancy Ridge Technology Center

TYFO* & COMPOSITE SAMPLES

Please noe that feld 25 2ng 1o D Cured for
48-howrs a8 HMO°F E0°C) helors testing. Testing
shalt be in accordance wih ASTHE D-307% and
Fiyfz O LLC sample meparation o asting
grouediires.

SHIPPNG LABELS CONTAIN
+ Sigle spechication numizer with modifications,

KEEP COMTAINER TIGHTLY CLOSED.

HOT FOR INTERNAL CONSUMPTICON.
CONSULT MATERIAL SAFETY DATA SHEET
AA50%) FOR MORE INFORMATION.

KEER QUT OF REACH OF CHILDREN.

FOR INOUSTRIAL USE ONLY.

6310 Nancy Ridge Drive, Suite 103, San Diego, CA 92121

Tel: 388.642.0604 Fax: 85B.642.0947

E-mail: infe@fyfeco.com Wels hilp/iewwfylecn.com

2 That

of Responsit

Hity o

Co., gither vertsly

irforenation and
Ag me naﬁqee af the '}fumanm nerein o general, ng a&smptw/n

7 e foficmed, mrodified o rejectad by h“s o»nef engme:x of eoftractsr since thay, ars not the Fyfe

it prosactne fit

SERS1A

Figure A.1 (continued) - Fibreglass Cloth [reproduced from Fyfe Co., 2008]
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&4, Canada, and oiher
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Ceo.

FYF LLC

“Tyto' Fibrwrap® Systems

DESCRIPTION

The Tyig® S Epaxy is a 'wo-component epoxy
matris material forhending appiications. The Tyfo®
S Epoxy combined with Tyfo SEH and Tylo 8CH
fabrics is a NSF/ANSE Standard &1 listed product
for drinking water systems. tisahigh elongation
material which gives optimum properiies asa
matri for the Tylo*Fibnwrap System. Itprovides
a iong working time for appiicatan, with no
offensive odor Tyte® S Epoxy may aiso be
thickened and uzed as a prime or &nish coat
depending upnn the proiect regqukements.

USE

The Ty®o® 3 Epory matix matenal is combined
with the Tyio® fabrics fo provide a wetdayup
composite system for strengthesing structural
mambers.

ADVANTAGES

* JCC-ES ESR-2103 listed product

* NSFIANS] Standard 81 listed product for
drinking water systems

Good high smperature properies

Good low temperaiure properies

Long waorking time

High elongation

* Ambient cure

* 100% sclventfree

-

.

-

COVERAGE

Approsimately C.38 pounds of epoxy per 1.0
pound of fabric when our Tyfo® Saturator is used
When asad as a prime ccat the coverage is
Highly dependent upon the existing surface.

PACKAGING
Srder i 55-gaflon drums of pre-measured units
in S-galicr: containers.

MIX RATIO
106.0 parts of component A to 42 0 paris
of component 8 by volume. (100 parts of
compeonent A fo 34 § parls of comgonent B
by weight}

SHELF LIFE
Two years in original, uncpened and properly
stared containers.

STORAGE CONDITIONS
Store A48 0 B F 4710 32° €} Avoid Freazing,
CERTIFICATE OF COMPLIANCE

* Wil be supplied upon request complsie
with siate and federal packaging laws with
copy of iabels used.

.

Material safely data sheets wii be suppked
upen request

Possesses 0% V.0.C
ASTM D-235%
1108 Ty® S

. level, par

Tyfo* S

Saturant Epoxy

INSTALLATION

Tyfo® System to be instafled by Fyfe Co. LLC
irained and cenifiec appticators. Installation
shall be in sirict z:ﬂmpksnce with the Fyie Ca
LLC Quaiity Control

SURFACE PREPARATION

The requirad surface preparation is iargely
dependent on the iype of elemant being
strengthened. in general, 22 surdace mwst be
ciean, dry and fres of protrusions o cavi
whith may causs voids pehind the T
compesite. Columin surfaces hat wik recsive

Lontiuous wraps typically requirs only a broom
cleaning  Discontinucus wrapping surfaces

1 approved methods
monding. Nechanical anchors are
incore ora‘ec me desigrs. The Fyfe Co
LLC engineering staft will provide the proper
Aficatons ang getalls based on the project

<

MIXING

'pr pre-measured unis in S-galion containers,
pour the conients of component B into the
pail of component A, For drums, premix each
component: 120  parts of component A j0
42 .0 parts of component B by volume {100
of component A fo 34.5 pans of componer
weighty. If matenal is toc thick, drum heaters
may be used an meatal containers, or heat
unmixed compenents by placing 7S in
130° F (34° C) tap waler or sunkght, if avadalie,
wintil the desired viscosily is achieved. To nol
thin; solvents will grevant proper cure. Mix
thoroughly for five minutes with a low speed
mieer at 408-660 RPM untl uniformily blended.
When using as a prime coat o finish coat, Tyio®

S Epoxy may be thickened in the Seld 1o the
cesweu consisiency.
APPLICATION

Tyfo® § Epoxy is applied o & variety of Tyla®
fabrice using the Tyfo® Saturator or by approved
hand-applied methods. See data sheston this
is allcwabie,
provided the epoxy is appiied uniformly and
meeisthe ap%ﬂca ions. Tyia®S

be apphed as 3 pame coat By brush o roller.

LIMITATIONS

Rinimum appiication femperature of the apory
& 40°F (4*Cy DO NQT THIN; soivenis will
prevent proper cure

Color

Component A is tiear to pale yellow
Compenent B is clear

Viscosity

Compeonent A at 77° F (25° Cy s 11,000-13,80C ¢os
ASTM D-2392-80

ComponentBat 77°F 25° C)is 11 ¢ps.

ASTM D-2343-80

PotLife

Jiofhoursat 62° F {20°C)

Viseosity of Mixed Product

00-700 cps

Density at 68° F (20° €} {Pound/Gakon)

Component A= 87 (4. 4kg/3.70L}
Comporent B = 7.9 {2.8kg/3.75L}
Mased product = 817 4. 2%g/ 2790}

Figure A.2 - Epoxy [reproduced from Fyfe Co., 2008]
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SHIPPING LABELS CONTAIN

« Stat specficaion number with modifications
i applisatde

Component desigastion

Type, if agplicaide

Manufacturers name

« Dais of ; nansfaytura

Curing Schedule 72 hours post oure at 140° F {£0° C)

ASTR TYPICAL
PROPERTY METHOD TEST YALUE

T ASTH D085

Tanshe Srangth’, mindmun pg

{566 2»"*3:
. . I KEEP CONTAINER TIGHTLY CLOSED.
s Modolus, ps STM D628 451 600 pai -
Tensie Yoduus, psi A3 ;fe > s NOT FOR INTERNAL CONSUMPTION.
yoe 136 ord;

CONSDLT MATERIAL SAFETY DATA SHEET
5% {KIS05) FOR MORE INFORMATION,

‘engation Perce ASTM D63
Elongatios Percent s KEEP OUT OF REACH OF CHILDREN,
18 FOR INDUSTRIAL USE ONLY.
ASTMDTR 17,500 psi
(1234 1P2;
ASTMDT0 452,006 o
(3.126Pa)

ivis Grps st 27 10-QUSE - 3o s

FIRST AID

In case of skin contact, wash thoroughdy with
soap and waler. For eye contact, fiush
immediately with plenty of watsr, contact

COMPONENT A - Iritant physician immediately. For respiratory
Pralonged contact to the skin may cause  Droblems, remove ta fresh air Wash dothing
irritation. Aveid eye contact, hefore reuse.
COMPONENT B - frritant: CLEANUP
Contact with skin may cause severs hurpss.  Cofisct with absorbent material, flush with

Aveld eve contact. Product is @ strong water. Dispose of in Eﬁtefsaﬂﬁe with ool
sensilizer Use of safsty goggles and chemical disposal reguiztions. Uncured matenal can be
rasistant gloves recommendsd. Hemouve removed with approved sobvant. Cured materals
contaminated clothing. Avold breathing vapors.  CAn only be removed mechanically

Use adsquate wentiiation. Lise of an organic

YAPOr respiralor recommended.

Fyla Co. LLG

Tyfo Fibrwraps Systems
Nancy Ridge Technology Center
8310 Nancy Ridge Drive, Suile 103, San Diego, CA 32121
Tol: 858.642.0694 Fax: 858.642.0947
E-mail: infod@fyfecocom Web: hitpfwww.fyfeco.com

Sm(emnmméspm ;bmzv The wehiesl inforrnation and agpiication advice in this puldication is hagsd on ths present stale of our best scientifc and practiza k’Y“N'rﬂUﬁ
e - SFE 15 general, 1o assumpticn made as o the groduct's sutabllity for a ,.mmﬁar use ar 1ppl
ey expreassd or impl ven other ihan thoee requred by Siate legislat
oroducts for they infended ee Fi ryics, whers provided, deesnot o # ¥
¥ ray he fofowed, medified of rejecied by the owner, sngineer or y:vl‘t:a’tsrmn o6 they and ngithe F
inte to @ specfic agpication
Patertss e84 Caraga, and oiher courdries. § Copyright 28052008 Fyde Co LLC 4408

0., arg PESponsiye

Figure A.2 (continued) - Epoxy [reproduced from Fyfe Co., 2008]
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BL-30 TRUSS-TYPE REINFORCEMENT

Welded Mill Galvanized or Hot Dipped Galvanized Steel Rods

16" (400 mm) 0.C,

Bl Pocgig. ooy MER oot
reaml B |
13251 m lnglhs, - omamans  Dpeespabude
5 plcas pa bundle, <‘/\M smeoann L%
B BIm | ‘( Wy (00 mm 500 )
o By Doy L /1 Wiy o
5 plecas pa bundle R,
B0 tm) Febricated Comer-Lok'
; E;m Hesvi Dorv _ Comers . ;
o ASTHC! AYS0 2 i i e adles LNV NN Mgupsavitie
ittt (S T A
wvllw.glbok-lok.com ln"‘
ki salesblok-lok.com
AT ey
bt Wﬁ) hé 313 PRIVEDBY DRAWNEY CuE
anbidkdnteboodl | '
ot ok o masony el e REVSED
Coneat of e ke i ,
wasepates| 8130 TUS5Type Reiforcement
Emgm Welded N ez o o e Gaarced e o
ey om0 5P W 5 O 5P 5 3
ol s s Eos ey Doy 2 s, 50 1.
ik ORAHING HOWBER

Figure A.3 - Truss Type Joint Reinforcement [reproduced from BLOK-LOK

Ltd., 2007]
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Joint Relnforcement

Joit eiforcement & instaled b harearnsl mora fonts of

masanny o shrinkage sbess contol. For intrenkrcement o
effecthely vt stess 1t must tz#adequalary bonded fvough
e martar 5 that e masorvy and efvrcement act ged,

Tathe A shiswn bskow, Shows irs Sza anvd properties for
steel it reinfoceman mateddl

Table A i
Wire Sizes and Pmper ies for
Steel oint Renforcement |
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Desimmon Wats Wee
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R Dy il | L G B
ooy Doy s 5? 4’$nm‘< T T
ﬁfﬁﬁéaﬂfm B33 Wi Reiements
T Sengle  E0000pe
ety g
Bdsindtine

0 Gae e Vil
Wi i sk | DBadRm
s el 185 m {8 m
bbu e I8 Bk
Tult sl 140k RN 10 A
e Lol 08k S0 10k B

Firishes
Blok-Lok contiuols teitlorosment sysiems ar2 avalblle in &
i3ty of frishes.

Table B
Finishes for
Joint Reinforcement Systems

| e |Seomcn 5,,%%“ L’,‘{g:&]?{iﬁs
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e
P R o T
m y i CRE Ehet W ﬁyﬂ"’
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Stress Distrbution

Cainuous joim rinorosmentls used o dstute stess
conoantations that ooout alove and helow windows, orwhere
vl sachons e reduiced becausse of embadoke cokmns, and
below concenated boak such 25 haams and sibs: An
Important applatin of stiss distution okt minforcament s
i seguand he nkegrty of macany walls 1 Such Unenpected
and dfficuibto desion-for svents s indusiral explsions and
auckdents

wwwblok-Jok.com
salesEblokJok.com
1800:561-3026

Figure A.3 (continued) - Truss Type Joint Reinforcement [reproduced from

BLOK-LOK Ltd., 2007]
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Table A.1 — Mortar compressive strengths

Failure

Batch# | Cube# Load(kN) Strength(Mpa)
1 47.8 18.4
1 1 48.5 18.7
1 43.5 16.7
2 39.5 22.9
2 2 50.0 19.2
2 56.5 21,4
3 50.5 19.4
3 3 52.5 20.2
3 55.5 21.3
1A 33.5 20.6
1A 1A 58.5 225
1A 54.0 20.8
2A 50.0 19.2
2A 2A 38.0 14.6
2A 61.5 23.7
3A 61.5 23.7
3A 3A 61.5 23.7
3A 60.0 23.1
1B 72.0 21.7
1B 1B 72.0 2751
1B 75.5 29.0
2B 71.0 27.3
2B 2B 62.0 23.8
2B 64.0 24.6
3B 49.0 18.8
3B 3B 57.0 21.9
3B 58.0 22.3
1C 65.5 23.2
1C 1C 61.0 233
1C 59.5 22.9
2C 54.0 20.8
2C 20 51.0 19.6
2C 56.5 21.7
3C 61.5 3.7
3C 3C 55.0 21.2
3C 58.5 223
1D 62.0 23.8
1D 1D 64.5 24.8
1D 60.5 23.3
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AVG.

57.8

22.2

C.0.V. (%)=

9.1
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APPENDIX B: RAW EXPERIMENTAL DATA

Load(kN)

Load(kN)

Series A - Specimen 1: Load vs. Displacement

N
o

N
o

w
3]

L /ew’wwwwi—g 7 qﬂ.l‘ﬁ .l“‘.
< e
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H.'“‘Irli‘. -

w
o
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[
o
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[6,]
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Vertical Web displacement(mm)

—Right =" Left

Series A - Specimen 2: Load vs. Displacement

[o2]
o

(4]
o

£
(=]

w
o

N
o

NOTE: Right LPDT was net recording displacements

0 1 2 3 4 5 6 7 8 9 10 1 12
left vertical slip(mm)

—— Left
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Series A - Specimen 3: Load vs. Displacement

Load(kN)

04 : - : ‘
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Vertical web displacement(mm)
et Rgnt
Series RO - Specimen 1: Load vs. Displacement

120 - - — -

100

80

60

Load(kN)

40

20

0 2 4 6 8 10 12 14 16 18 20 22 24
Vertical Web. displacement{mm)

|~ Left - =~ Right|
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Series RO - Specimen 2: Load vs. Displacement

120

100 -

Load(kN)
()] (03]

o o

|

N
o

0 2 4 6 8 10 12 14 16 18 20
Vertical web displacement(mm)

~+-Left -* Right|
Series RO - Specimen 3: Load vs. Displacement

100

Load(kN)

0¥ - —

0 1 2 3 4 5 6 T 8 9
Vertical Web displacement(mm)

—+— Left ~=- Right
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Series R90 - Specimen 1: Load vs. Displacement

Load(kN)

0 2 4 6 8 10 12 14 16 18 20 22 24
Vertical Web displacement(mm)

|~ Left = Right|
Series R90 - Specimen 2: Load vs. Displacement

110 - —- = o
100+ —— — e —

Load(kN)

] 1 2 3 4 5 6 7 8 9 0 11 12 13 14
Vertical Web displacement(mm)

‘——Left = Right/
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Series R90 - Specimen 3: Load vs. Displacement

Load(kN)

&
| T —T T T T
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Vertical Web displacement(mm)

—+—Left # Right

Series R90/0 - Specimen 1: Load vs. Displacement

Load(kN)

10 12 14
Vertical Web displacement(mm)

o Left * Right
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Series R90/0 - Specimen 2: Load vs. Displacement

160 —— — — —_— —_—
140 — -
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100 -
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©T 80—
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Series R90/0 - Specimen 3: Load vs. Displacement
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Series (R90/0)2 - Specimen 1: Load vs. Displacement

250 - S

200 —

Load(kN)
&
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0 1 2 3 4 5
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Series (R90/0)2 - Specimen 2: Load vs. Displacement
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Load(kN)
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50 -

250 -~
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-
o
(=]
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Series (R90/0)2 - Specimen 3: Load vs. Displacement
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Series R45/135 - Specimen 1: Load vs. Displacement
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Series R45/135 - Specimen 2: Load vs. Displacement

250 | —
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Series R45/135 - Specimen 3: Load vs. Displacement
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Series A — Specimen 1: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00
20 0.00 0.00 0.04 0.01
30 0.00 0.00 0.07 0.05
37 0.01 0.00 0.07 0.15 Ultimate Load **
22 0.95 0.00 0.06 0.32 Web slipping ***
(Left side)
41 4.46 0.00 0.15 0.16 Testing terminated ****
(Snapping noise of steel ties)

* %k

*ok ok

%k sk ok sk

separations are positive

Further loading after failure

Vertical mortar joint cracked through on left side

Post-slip failure load higher than cracking load

Downward vertical displacements are positive and outward horizontal
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Series A— Specimen 2: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
8 0.08 0.00 0.00 0.00
20 0.27 0.00 0.00 0.00
30 0.39 0.00 0.00 0.00
45 1.58 0.00 0.00 0.12 Ultimate Load **
36 2.31 0.00 0.00 0.26 Web slipping ***
(Left side)
51 9.36 0.00 0.00 0.35 Testing terminated
sk ook skok
(Snapping noise of
steel ties)
¥ Downward vertical displacements are positive and outward horizontal
separations are positive
- Vertical mortar joint cracked through on left side
***  Further loading after failure
ok k%

Post-slip failure load higher than cracking load
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Series A — Specimen 3: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
12 0.40 0.18 0.00 0.01
20 0.59 0.29 0.00 0.02
31 0.8 0.44 0.01 0.04
40 1.00 0.59 0.08 0.06
48 1.17 0.87 0.17 0.08 Ultimate Load **
32 2.41 0.90 0.46 0.09 Web slipping ***
(Left side & Right
side)
45 11.0 10.04 1.12 0.10 Testing terminated
sk ok sk ok
(Snapping noise of
steel ties)

ok

* %k %k

%k ok ok ok

Downward vertical displacements are positive and outward horizontal

separations are positive

Vertical mortar joint cracked through on left side and right side

Further loading after failure

Local spalling of concrete block on left flange observed in proximity of

reinforcement.
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Series R0’ — Specimen 1: Test Results

Vertical Slip between Horizontal Separation Remarks
Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
20 0.63 0.60 0.00 0.00
41 1.02 1.06 0.00 0.00
59 1.31 1.45 0.01 0.00
79 1.53 1.69 0.06 0.02
100 1.79 2 0.08 0.06
106 1.85 2.07 0.08 0.08 Ultimate Load **
53 6.69 7.74 0.69 0.80 Web slipping ***
(Left side & Right side)
53 14.20 13.82 1.14 1.44 Testing terminated
(Snapping noise of steel ties)

* Downward vertical displacements are positive and outward horizontal
separations are positive
*x Initiation of vertical rupture of GFRP Laminate

***  Further loading after failure
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Series R0O° — Specimen 2: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
20 0.24 0.45 0.00 0.00
41 0.43 0.82 0.00 0.00
59 0.57 1.06 0.00 0.02
79 0.73 1.28 0.00 0.05
99 1.00 1.66 0.00 0.12 Ultimate Load **
51 3.73 2.35 0.00 0.13 Web slipping ***
(Left side & Right
side)
68 5.73 2.89 0.00 0.13
53 11.07 9.46 0.00 0.30 Testing terminated
(Snapping noise of
steel ties)

* %k

ok ok

Downward vertical displacements are positive and outward horizontal

separations are positive

Initiation of vertical rupture of GFRP Laminate

Further loading after failure
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Series R0°— Specimen 3: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
19 0.58 0.00 0.00 0.00
40 0.80 0.00 0.00 0.00
60 0.94 0.00 0.00 0.00
80 1.09 0.00 0.56 0.00
86 1.17 0.00 0.61 0.01 Ultimate Load **
60 1.19 0.00 0.73 0.01
55 2.88 0.32 .13 0.03 Web slipping ***
(Left side & Right
side)
81 7.85 1.68 1.01 0.08 Testing terminated
(Snapping noise of
steel ties)
s Downward vertical displacements are positive and outward horizontal
separations are positive
o Initiation of vertical rupture of GFRP Laminate
$okok

Further loading after failure
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Series R90°— Specimen 1: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
21 0.63 0.24 0.00 0.00
40 0.83 0.37 0.00 0.00
60 1.00 0.50 0.00 0.01
81 1.17 0.64 0.07 0.05
93 1.53 0.84 0.04 0.08 Ultimate Load **
68 5.13 1.64 0.09 0.08 Web slipping ***
(Left side & Right
side)
89 8.11 3.16 0.12 0.27
72 12.45 7.07 -1.28 0.93 Testing terminated
(Snapping noise of
steel ties)

* %k

&k ok

Downward vertical displacements are positive and outward horizontal

separations are positive

Initiation of Partial delamination (Shear cracks) of GFRP Laminate

Further loading after failure
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Series R90°— Specimen 2: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
20 0.49 0.13 0.00 0.00
40 0.71 0.29 0.00 0.00
60 0.83 0.41 0.00 0.00
81 0.97 0.51 0.04 0.00
95 1.27 0.63 0.12 0.02 Ultimate Load **
69 3.43 0.93 -1.00 0.03 Web slipping ***
(Left side)
96 9.63 2.23 -1.00 0.16 A
84 12.61 2.84 -1.00 0.19 Testing terminated
(Snapping noise of
steel ties)

3k

%ok %k

ok Kok

Downward vertical displacements are positive and outward horizontal

separations are positive

Initiation of Partial delamination (Shear cracks) of GFRP Laminate

Further loading after failure

Post-slip failure load higher than initial ultimate load
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Series R90° — Specimen 3: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
20 0.17 0.53 0.00 0.00
39 0.34 0.81 0.02 0.00
61 0.57 1.05 0.07 0.01
78 1.10 1.34 0.23 0.03 Ultimate Load **
60 2.45 1.61 0.20 0.03 Web slipping ***
(Left side & Right
side)
72 5.38 2.33 -0.46 0.08
69 14.07 12.00 -2.38 -0.23 Testing terminated
(Snapping noise of
steel ties)

k%

%k 3k >k

Downward vertical displacements are positive and outward horizontal

separations are positive

Initiation of Partial delamination (Shear cracks) of GFRP Laminate

Further loading after failure
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Series R90°/0° — Specimen 1: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
20 0.28 0.20 0.00 0.00
40 0.44 0.37 0.00 0.00
60 0.55 0.53 0.00 0.00
80 0.66 0.65 0.00 0.01
99 0.75 0.75 0.00 0.02
122 0.93 0.88 0.00 0.04
140 1.21 1.05 0.00 0.05 Ultimate Load **
131 1.65 1.17 0.00 0.06
148 2.12 1.32 0.00 0.06 e
105 4.36 1.74 0.00 0.07 Web slipping ***
(Left side)
141 10.18 3.12 0.00 0.18 Testing terminated
(Snapping noise of steel ties)
* Downward vertical displacements are positive and outward horizontal
separations are positive
i Initiation of vertical rupture of GFRP Laminate
***  Further loading after failure
ok sk ok

Post-slip failure load higher than initial ultimate load. Failure of laminate:

complete rupture and partial delamination of GFRP laminate
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Series R90°/0° — Specimen 2: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
20 0.82 0.26 0.00 0.00
40 1.09 0.54 0.00 0.00
60 1.25 0.70 0.00 0.00
79 1.37 0.81 0.00 0.00
100 1.3 0.92 0.03 0.01
120 1.63 1.01 0.08 0.01
132 1.92 1.10 0.17 0.01 Ultimate Load **
119 2.16 1.25 0.36 0.01 Web slipping ***
(Left side)
144 8.35 2.38 0.87 0.09 SN
123 14.29 8.68 1.31 0.07 Testing terminated
(Snapping noise of steel ties)

* %

*ok ok

* %k ok

Downward vertical displacements are positive and outward horizontal

separations are positive

Initiation of vertical rupture of GFRP Laminate

Further loading after failure

Post-slip failure load higher than initial ultimate load. Failure of laminate:

complete rupture and partial delamination of GFRP laminate
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Series R90°/0° — Specimen 3: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
20 0.19 0.00 0.00 0.00
41 0.40 0.03 0.01 0.01
59 0.50 0.20 0.00 0.02
79.5 0.61 0.31 0.00 0.00
102 0.75 0.45 0.03 0.06
122 0.87 0.54 0.06 0.08
136 1.78 0.81 0.37 0.09 Ultimate Load **
108 7.53 1.70 -0.18 0.10 Web slipping ***
(Left side)
127 8.94 2.80 -0.74 0.16 ok
113 13.65 7.71 -2.33 -1.04 Testing terminated
(Snapping noise of steel ties)

%k ok

&k ok

% ok ok ok

Downward vertical displacements are positive and outward horizontal

separations are positive

Initiation of vertical rupture of GFRP Laminate

Further loading after failure

Failure of laminate: complete rupture and partial delamination of GFRP

laminate
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Series R(90°/0°)* - Specimen 1: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
39 0.54 0.12 0.00 0.00
80 0.81 0.40 0.02 0.00
119 1.04 0.60 0.06 0.01
162 1.26 0.77 0.10 0.03
201 1.51 0.94 0.15 0.06
233 1.9 1.16 0.23 0.11 Ultimate Load **
228 4.97 1.95 0.11 0.18 Testing terminated***

%%

% %k ok

Downward vertical displacements are positive and outward horizontal

separations are positive

Tensile splitting of concrete blocks in left flange

Delamination of GFRP laminates from concrete block
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Series R(90°%0°)? - Specimen 2: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
40 0.74 0.46 0.04 0.01
80 1.30 0.74 0.04 0.03
122 1.59 0.93 0.04 0.04
162 1.86 1.09 0.09 0.06
209 2.49 1.38 0.19 0.10 Ultimate Load
190 6.08 2.06 0.51 0.10 Web slipping
(Left side)
226 9.23 3.39 0.01 0.22 Testing terminated**

%k sk

Downward vertical displacements are positive and outward horizontal

separations are positive

Post-slip failure load higher than initial ultimate load. Tensile splitting of

concrete blocks in left flange followed by delamination of GFRP laminate

from concrere block
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Series R(90%0°%)? - Specimen 3: Test Results

Vertical Slip between

Horizontal Separation

Remarks

Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Lett Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
39 0.02 0.57 0.00 0.01
79 0.25 0.97 0.00 0.02
120 0.44 1.32 0.01 0.04
159 0.61 1.60 0.03 0.06
202 0.92 121 0.11 0.11
228 2.87 2.79 0.40 0.19 Ultimate Load**
198 5.09 3.41 -0.56 0.22 Testing terminated™**

%%

ok ok

Downward vertical displacements are positive and outward horizontal

separations are positive

Tensile splitting of concrete blocks in left flange

Delamination of GFRP laminates from concrete block
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Series R45°/135° — Specimen 1: Test Results

Vertical Slip between Horizontal Separation Remarks
Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
40 0.27 0.30 0.00 0.01
80 0.50 0.57 0.01 0.02
120 0.67 0.76 0.03 0.04
162 0.87 0.92 0.05 0.08
200 1.11 1.07 0.13 0.13
214 1.32 1.17 0.23 0.15 Ultimate Load**

kk

Downward vertical displacements are positive and outward horizontal
separations are positive
Complete delamination of GFRP laminate from flange of intersection,

followed by snapping noise of steel ties
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Series R45°/135° — Specimen 2: Test Results

Vertical Slip between Horizontal Separation Remarks
Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
41 0.39 0.64 0.00 0.00
79 0.61 0.98 0.00 0.02
120 0.81 1.25 0.04 0.04
158 1.00 1.49 0.07 0.08
200 1,19 .72 0.14 0.14
229 1.43 1.95 0.23 0.21 Ultimate Load**

* %k

Downward vertical displacements are positive and outward horizontal
separations are positive
Complete delamination of GFRP laminate from flange of intersection,

followed by snapping noise of steel ties
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Series R45°/135° — Specimen 3: Test Results

Vertical Slip between Horizontal Separation Remarks
Load | Flange and Web(mm)* between Flange and
(kN) Web(mm)*
Left Right Left Right
side(#1) side(#2) side(#3) side(#4)
0 0.00 0.00 0.00 0.00
41 0.50 0.63 0.00 0.00
81 0.99 0.95 0.00 0.07
121 1.40 1.23 0.02 0.11
162 1.61 1.45 0.01 0.16
199 1.95 1.87 -0.04 0.25 Ultimate Load**

* %

Downward vertical displacements are positive and outward horizontal
separations are positive
Complete delamination of GFRP laminate from flange of intersection,

tollowed by snapping noise of steel ties
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