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1. Introduction

Fiber-reinforced composite materials are widely used for
strengthening, repairing, and rehabilitation of reinforced concrete
(RC) structural members, offering sustainable alternatives to new
construction. The use of externally-bonded composite systems for
these purposes is attractive since they are easy to install, have high
strength-to-weight ratio, and have suitable mechanical properties.
The bond behavior of externally-bonded fiber-reinforced polymer
(FRP) composite systems, comprised of continuous fibers (usually
carbon, glass, or aramid) and an organic matrix (typically epoxy),
has been studied extensively over the past several decades [1—6].
As the knowledge of FRP composite strengthening systems has
become more advanced and their use more common, alternative
types of composites are being explored for different applications.
Recently a new type of binder called “inorganic matrices” has been
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developed and shown interesting potential as a replacement for
organic matrices in composites [7]. Inorganic matrices are cement-
based mortars comprised of ordinary cement with the addition of
silica fume, nanoparticles, and/or polymers that increase the
strength and bond characteristics. Composite materials that
employ cement-based mortars are usually referred to as fiber-
reinforced cementitious matrix (FRCM) composites [8]. The use of
inorganic matrices in fiber-reinforced composites can overcome
some of the limitations related to the use of organic matrices in FRP
composites, such as degradation due to UV exposure, poor perfor-
mance at temperatures close to or above the matrix glass transition
temperature, and lack of compatibility with the substrate [7,8].

The FRCM-concrete interface has recently been studied using
single-lap [9—12] or double-lap [13,14] direct shear tests. Results
have shown that debonding of the FRCM-concrete interface occurs
within the composite itself at the fiber—matrix interface, as
opposed to the composite—concrete interface with FRP [1].
Furthermore, interlocking among the fibers, and between the fibers
and matrix, has been shown to influence the load response of FRCM
composites in single-lap shear tests [10,11]. However, the load
response determined from the two test types has not yet been
compared.
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This paper examines the results of an experimental investiga-
tion conducted to study the bond behavior and stress-transfer
mechanism of FRCM composites externally bonded to a concrete
substrate using two different types of direct shear tests. The FRCM
composite investigated in this study is comprised of a poly-
paraphenylene benzobisoxazole (PBO) fiber net and polymer
modified cement-based matrix. Results of 16 double-lap shear tests
with different bonded lengths and widths of the composite strips
are presented and discussed. Findings are compared with those
from 58 single-lap shear tests of the same composite previously
reported by the authors [10] to examine the influence of the
different direct shear test types on the bond behavior of the FRCM
composites applied to concrete supports.

2. Materials and methods
2.1. Materials

The FRCM composite material consisted of a PBO fiber net and a
cementitious matrix. The PBO fiber net was made of bidirectional
rovings spaced at 10 and 20 mm (0.4 and 0.8 in.) on center in the
two orthogonal directions. The total weight of fibers in the net was
88.0 g/m? (0.00013 Ib/in.2), with 70.2 g/m? (0.00010 Ib/in.?) and
17.8 g/m? (0.000025 Ib/in.%) in the longitudinal and transversal
directions, respectively. The nominal width b* and average thick-
ness t* of one fiber bundle were 5 mm (0.2 in.) and 0.092 mm
(0.0036 in.), respectively. It should be noted that the definition of
average thickness t* in this paper is different from the equivalent
thickness of the fabric given by the manufacturer [15], and there-
fore the values are different. The equivalent thickness provided by
the manufacturer is obtained by assuming the fibers are spread
evenly over the entire width of the composite rather than bundled.
In this paper t* represents the thickness of a single fiber bundle,
which is assumed to have a rectangular cross section of width b*.
All transversal bundles of the fiber net were on one side of the
longi-tudinal bundles. Tensile strength, ultimate strain, and elastic
modulus of the fibers measured by the authors were 3014 MPa
(440 ksi), 0.0145, and 206 GPa (29,900 ksi), respectively. Additional
information on the fiber tensile tests is reported in Refs. [9—11]. The
matrix was comprised of “high-fineness cement, an adhesion pro-
moter, inorganic nanoparticles, microaggregates, and a poly-
carboxylate water-reducing admixture. This matrix was designed
to achieve chemical bond with the PBO fibers” [8]. The average
compressive strength and splitting tensile strength of the matrix
was measured using at least two 50 x 100 mm (2 x 4 in.) cylinders
cast from each batch of mortar used to cast the composites and
were 28.4 MPa (4050 psi) (CoV = 0.092) and 3.5 MPa (520 psi) (CoV
=0.231), respectively.

The concrete prisms were constructed with normalweight
concrete with portland cement (Type 1) without admixtures. The
prisms were cast from the same concrete batch used to cast the
510 mm (20 in.) long blocks of the single-lap shear tests reported by
the authors in Ref. [10]. The maximum aggregate size was 9.5 mm
(0.375 in.). The average compressive strength and splitting tensile
strength of concrete measured using six 100 x 200 mm (4 x 8 in.)
cylinders cast from the same batch of concrete used to cast the
prisms were 33.5 MPa (4860 psi) (CoV = 0.085) and 3.0 MPa
(420 psi) (CoV = 0.042), respectively.

2.2. Methods

Sixteen specimens presented in this paper were tested using the
double-lap (direct) shear test to study the bond behavior of PBO-
FRCM composites bonded to a concrete substrate. Two FRCM
composite strips were bonded to the surface of two concrete blocks

(prisms). Each composite strip had two bonded regions of the same
length, one on each of the two prisms (Fig. 1). The concrete prisms
were 125 mm wide x 125 mm deep x 375 mm long (5 in. x 5 in. x
15 in.). The concrete prisms were sandblasted prior to applying the
composite strips on opposite faces. Only the formed faces of the
prisms were used to bond the composite strips; the face of each
prism that was troweled smooth after casting and its opposite face
were disregarded. The matrix was applied from the edge of the
external longitudinal bundle on one side of the fiber strip to the
edge of the external longitudinal bundle on the other side of the
fiber strip along the length of the strip. A4 mm (0.15 in.) thick layer
of matrix (internal layer) was applied to the concrete using molds
to control the composite width and thickness. A single layer of PBO
fiber net was applied onto the internal matrix layer, and the fibers
were pressed delicately onto the matrix to maintain their
alignment and assure proper impregnation by the matrix. The fiber
strip was positioned such that it extended slightly beyond the end
of the matrix at the free ends of the composite strip as shown in Fig.
2a. A second (external) 4 mm thick layer of matrix was applied over
the PBO fiber net. The thickness of the matrix layers was in
accordance with the manufacturer's recommendations [15]. The
fiber strip was oriented such that the transversal fiber bundles
were placed against the external layer of matrix for all specimens.
The bonded width by and bonded length ¢ of the composite were
varied. Table 1 lists the double-lap shear test specimens presented.
Spec-imens were named following the notation DDS_X_Y_Z, where
DDS indicates that the specimen was tested in double-lap direct
shear, X = bonded length (2) in mm, Y = bonded width (b1) in mm,
and Z = specimen number.

Force F was applied to each prism by a steel T-frame comprised
of a steel rod with a steel plate welded to one end, and the concrete
prisms were pulled apart (Fig. 1). The rod was placed through an
embedded sleeve aligned with the longitudinal axis of the prism
and was clamped to the testing machine at the loaded end. The
inside diameter of the sleeve was slightly larger than that of the rod.
Tests were conducted under displacement control using a close-
loop servo-hydraulic universal testing machine. The average of
four linear variable displacement transducers (LVDTs), two of
which were attached to the concrete surface adjacent to the com-
posite strip on each face of the lower prism and aligned with the
beginning of the bonded region, was increased at a constant rate of
0.00084 mmy/s (0.000033 in./s) for all tests. The LVDTs reacted off of
thin aluminum L-shaped bent plates that were attached to the
surface of the upper concrete prism as shown in Figs. 1 and 2a and
positioned near the beginning of the composite region. The posi-
tions of the L-shaped plates needed to be adjusted for each spec-
imen in order to accommodate the working range of the LVDTs.
Data were recorded by a data acquisition system at a rate of 10
measurements per second. The length of the unbonded region of
the composite unbonded (Shown in Fig. 1) at the start of the test was
100 mm (4 in.), which included an initial gap between the two
prisms of 25 mm (1 in.) corresponding to the thickness of the two
plates at the ends of the steel T-frames (Fig. 1).

3. Experimental results

Failure of all double-lap shear specimens was debonding of one
composite strip, where debonding was characterized by slippage
between the fibers and matrix within the composite strip. As the
displacement (average of the four LVDT readings, LVDTavg) was
gradually increased, cracks formed in the matrix of the composite
strips within the unbonded region as shown in Fig. 2b. These cracks
opened with increasing displacement. Increased displacement
resulted in increased force until the peak (ultimate) force was
reached. After the peak force was reached, lateral translation of the
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Fig. 1. Double-lap shear test setup.

ends of the two concrete prisms occurred in the z-direction in Fig. 1
causing rotation of the prisms relative to their initial vertical
alignment, which was visibly apparent from the side of the spec-
imen as shown in Fig. 2c. This visual observation was also
confirmed by differences in the displacement measured by the four
individual LVDTs, the average of which was used to control the
displacement rate. Lateral translation was caused by unsymmetri-
cal debonding of the composite strips. Slippage between the lon-
gitudinal fibers and matrix could be observed visually after the
peak force was reached as the free end of the fiber strip advanced
into the matrix. However, no measurement of the free end slip was
considered in this study. No damage was observed to the concrete
prisms. The peak force F* applied to each double-lap shear test
specimen is reported in Table 1.

Fig. 3 illustrates the measured response of representative
double-lap shear test specimens. Fig. 3a and b plot the total force F
applied to the test specimen versus individual displacement mea-
surements from LVDTa, LVDTb, LVDTc, and LVDTd recorded during

testing of specimens DDS_330_34_1 and DDS_330_80_1, respec-
tively. The LVDT names are defined in Fig. 1. LVDTavg is also plotted
in the graphs. After the peak force was reached, Fig. 3a and b show
that the displacement measured on the opposite faces of the prisms
eventually progressed in opposite directions, which indicates that
the prisms rotated relative to their initial vertical alignment (see
Fig. 2c). This post-peak response was characteristic of all double-
lap shear tests conducted in this study and was caused by the un-
symmetrical debonding of the composite strips (i.e., simultaneous
debonding of both strips did not occur). Finally, Fig. 3a and b show
a near-constant load region at the end of the test associated with
increasing displacement of the LDVTs on the side of the prism
where debonding initially occurred (LVDTa and LVDTb for speci-
mens DDS_330_34_1 and DDS_330_80_1). On the opposite side of
the prism, the displacement measured by the LDVTs (LVDTc and
LVDTd for specimens DDS_330_34.1 and DDS_330_80_1)
remained nearly constant, which indicates a continually changing
center of rotation of the test specimen. For specimen
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DDS_330_34_1, Fig. 3a shows that the displacement measured by
the pairs of LVDTSs on the opposite faces of the prism corresponding
to the two composite strips was consistent throughout the test,
which indicates that the two prisms did not rotate in the plane of
the composite strips (about the z-axis in Fig. 1) significantly during
the test. Fig. 3b indicates that a slight amount of rotation in the
plane of the composites occurred during testing of specimen
DDS_330_80_1 before and after the peak force was reached. Of the
16 double-lap shear specimens tested, seven showed a response
similar to that shown in Fig. 3a, and nine showed a response similar
to that shown in Fig. 3b.

Fig. 3c and d plot the displacement measured by each LVDT
throughout the test (plotted as virtual time) and the average of the
four LVDTs used to control the loading rate for specimens
DDS_330_34_1 and DDS_330_80_1, respectively. Fig. 3¢ and d
shows that after the peak force was reached (indicated in the
figures), the rate of displacement measured by the LVDTs on the
opposite faces of the prisms changed and eventually decreased
with increasing virtual time on the side of the prism where
debonding did not initially occur. For specimen DDS_330_80_1, the

Rotation
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a) Photo of test setup b) Cracks in matrix of unbonded region c) Rotation of the two concrete blocks relative to initial alignment after peak load (specimen DDS_330_34_1

displacement measured by LVDTc and LVDTd started to decrease
immediately after the peak load was reached (Fig. 3d). This result
suggests that debonding likely occurred in only one of the com-
posite strips, as discussed further in Section 4.2. For specimen
DDS_330_34_1, displacement measured by LVDTc and LVDTd star-
ted to decrease at a displacement larger than the displacement
corresponding to the peak force (Fig. 3c). This result suggests that
debonding may have occurred to some degree in both composite
strips (Section 4.2), although this hypothesis cannot be confirmed
without additional measurements.

If perfect symmetry is assumed, the applied load P in each of the
two bonded composites can be related to the total force F applied to
the test specimen by Eq. (1):

P== 1
5 (1)
The peak load P* in the composite strip computed using Eq. (1)
corresponding to the maximum force F* is reported for each spec-
imen in Table 1.

Table 1
Double-lap shear test specimens.

Specimen F* P* = F*[2 " Pyt on*

kN (kip) kN (kip) MPa (ksi) kN (kip) MPa (ksi)
DDS_100_60_1 8.44 (1.90) 422 (0.95) 1310 (190) 4.17 (0.94) 1295 (188)
DDS_100_60_2 8.49 (1.91) 4.25 (0.95) 1319 (191) 422 (0.95) 1311 (190)
DDS_200_60_1 11.32 (2.54) 5.66 (1.27) 1757 (255) 5.65 (1.27) 1755 (254)
DDS_200_60_2 1045 (2.35) 5.22 (1.17) 1622 (235) 5.18 (1.16) 1609 (233)
DDS_250_60_1 11.24 (2.53) 5.62 (1.26) 1746 (253) 5.55 (1.25) 1724 (250)
DDS_250_60_2 1217 (2.74) 6.09 (1.37) 1890 (274) 6.10 (1.37) 1894 (275)
DDS_330_34_1 6.83 (1.53) 3.41 (0.77) 1855 (269) 3.41 (0.77) 1853 (269)
DDS_330_34_2 6.63 (1.49) 331 (0.75) 1801 (261) 331 (0.74) 1799 (261)
DDS_330_60_1 11.10 (2.49) 5.55 (1.25) 1723 (250) 5.33 (1.20) 1655 (240)
DDS_330_60_2 12.15 (2.73) 6.08 (1.37) 1887 (274) 6.00 (1.35) 1863 (270)
DDS_330_60_3 11.74 (2.64) 5.87 (1.32) 1823 (264) 5.88 (1.32) 1826 (265)
DDS_330_80_1 15.76 (3.54) 7.88 (1.77) 1903 (276) 7.68 (1.73) 1855 (269)
DDS_330_80_2 16.46 (3.70) 8.23 (1.85) 1987 (288) 8.03 (1.81) 1940 (281)
DDS_330_80_3 1461 (3.28) 7.31 (1.64) 1765 (256) 7.28 (1.64) 1758 (255)
DDS_330_100_1 21.21 (4.77) 10.60 (2.38) 2095 (304) 10.62 (2.39) 2099 (304)
DDS_330_100_2 20.82 (4.68) 10.41 (2.34) 2057 (298) 10.31 (2.32) 2038 (296)

Note 1: DDS_X_Y_Z where DDS = double-lap direct shear specimen, X = bonded length (2) in mm, Y = bonded width (b;) in mm, and Z = specimen number.
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The normal stress ¢ in the composite associated with the 60 mm (2.4 in.), 80 mm (3.1 in.), and 100 mm (3.9 in.). Average values
applied load P in the composite strip is defined by Eq. (2): of ¢* for specimens in the DDS_300 series with the same bonded
width are also plotted in the graph with solid markers. Also, the

P average value of o* for all specimens in the DDS_330 series is

S = b 2) reported in the figure. Unlike for the case of FRP composites [16],

results from the double-lap shear tests suggest that a width effect
where n is the number of longitudinal fiber bundles. The nominal does not exist for this type of composite.
area of the longitudinal fiber bundles nb*t* was used to compare
specimens of different bonded widths [10—12]. The ultimate stress

¢*in the composite strip computed using Eq. (2) corre-sponding to Bonded Length € (in.)
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4. Analysis and discussion
4.1. Determination of the applied load Py — global slip g response

The bond between a composite and substrate is described in
terms of the load applied to the composite versus slip at the
loaded end of the composite. Since debonding of the PBO-FRCM
composite occurs at the matrix—fiber interface, slip of the com-
posite is the displacement of the fibers relative to the embedding
matrix. The authors previously defined the term “global slip” as the
displacement of the fibers relative to the embedding matrix at the
start (loaded end) of the bonded length [10—12]. For the case of
the double-lap shear tests, with two bonded composites, the graphs
in Fig. 3 clearly identify different responses of the two PBO-FRCM
composite strips, especially after the peak force is reached.
Therefore, the applied load — global slip response of the bonded
composite reported for a given double-lap shear test specimen
should be the response of the composite strip that debonded first.
However, it must be pointed out that the response of the composite
strip that debonds initially is not independent of that of the
composite strip on the opposite face because of load redistribution
that occurs throughout the entire test. Load redis-tribution causes a
marked difference in the response of the two composite strips after
unsymmetrical debonding occurs (see Fig. 3), although it can also
occur prior to debonding due to a slight eccentricity of the force
applied to the test specimen and/or var-iations in the local bond
characteristics of two composite strips [11,12].

The distribution of the total applied force F to the two composite
strips was determined in this study from the displacements
measured by the four LVDTs used to control the test. Simple
geometrical relations were used to compute the angle of rotation 6
about the x-axis (the x-axis is shown in Fig. 1) of the concrete
prisms relative to their initial vertical alignment based on the dif-
ferences in LVDT measurements as shown in Fig. 6. Angle 6 was
determined from Eq. (3):

R _ AL

an20 =55,

(3)

where h is the width of the block; a is the distance from the face of
block to the center of the LVDT; Al and AR are the average
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Fig. 6. Determination of applied loads P,LI and Pﬁ and global slips g and gf from LVDT
measurements.

displacements measured by the two LVDTs on the corresponding
sides given by Eq. (4a) and (4b):

_ LVDTa + LVDTb. r _ LVDTc+ LVDTd
- 2 ’ - 2

The horizontal translation A, of the points on the block corre-
sponding to the beginning of the bonded length is given by Eq. (5):

Al (4a) and (4b)

Az = sinb(L — d) (5)

where L is the length of the block (Fig. 1), and d is the distance from
the end of the block to the start of the bonded length shown in
Fig. 6.

The applied load P' and PR (in the direction of the applied force
F) in each composite strip was computed using Eqgs. (6) and (7),
respectively:

pL=F_pR (6)

PR :F@*AZ) (7)

z

where z is the horizontal projection of the block width h; z = hcos®.
Superscripts “L” and “R” are used to denote the composite strips on
the left and right sides of the block, respectively. LVDTa and
LVDTb were considered to be on the left side of the block, and
LVDTc and LVDTd were on the right side.

The component of the applied load in the plane of the composite
strips, P,L, and Pﬁ, was computed using Egs. (8) and (9), respectively:

Ph =Pl cos o (8)

PR =PRcos ¢ 9)

Subscript “II” is used to denote the Mode-II component of the
applied load (parallel to the composite strip), as debonding is
typically studied as a Mode-II fracture mechanics problem [1-3]. It
should be noted that the out-of-plane force components of the
applied load P"and PR, shown as P} and Pf in Fig. 6, have directions
resulting in friction for the composite strip that debonds first, and
peeling (Mode-I) for the other composite strip.

Using Eqs. (10) and (11), the corresponding global slip g* and g*
in each composite strip was determined from the LVDT measure-
ments (considering angle 0) and by subtracting the elastic



elongation of the composite associated with the length of the
unbonded region 2unbonded, Which was determined from the applied
load in the composite strip on the corresponding side:

1| al Pl
L_ 2 _ unbonded
2 [cos 0 AE } (10)
1[/cos26 PR
R _ R _ unbonded
g 72{( cosé?)A AE } an

where A is the cross-sectional area and E is the modulus of
elasticity of the composite in the unbonded region (discussed in the
next paragraphs). The effect of the out-of-plane displacement of
the fi-bers relative to the embedding matrix slip was neglected in
the calculation of global slip.

Using this procedure, the applied loads Pjj and P} and corre-
sponding global slips g" and g® were computed for the entire load
response of both composite strips for each specimen. It should be
noted that several assumptions were adopted in this procedure: 1)
the LVDTs are assumed to be aligned with the start of the bonded
regions of the composite strips; 2) elastic elongation occurs uni-
formly along the unbonded length; 3) the top and bottom prisms
rotate from their initial vertical alignment equally (angle 0 is the
same for both prisms); 4) the effects of block rotation in the plane
of the composite strips are not considered (non-uniform load
distri-bution within the plane of the composite strip is neglected);
and 5) global slip occurs equally in both bonded regions of the
same composite strip. The first assumption was necessary in the
present study to estimate the elastic elongation of the composite in
the unbonded region to enable the calculation procedure. This
assumption will introduce slight errors into the values computed
because of the position of the L-shaped aluminum plates in this
study, as discussed in Section 2.2. The fifth assumption implies that
debonding occurs simultaneously and equally in both bonded re-
gions of the same composite strip, which may not always be the
case and is difficult to confirm. This assumption is discussed further
in Section 4.2.

As an example, Fig. 7a shows the Pjj — g' and P§ — gf responses
determined for specimen DDS_330_34_1, where the Pj — g’
response is associated with the composite strip that debonded first
as can be seen from the post-peak displacement response in Fig. 3a.
In the pre-peak response region, the region of the curves plotted
with a different linetype (short dash) represent the region in which
the cross-sectional area A and modulus of elasticity E transition
from the values associated with composite, Acomposite a0d Ecomposite,
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to those associated with the fibers, Afper and Efiper. The transition
region was assumed to start after first cracking of the matrix,
where cracking was determined by the measured tensile strength
of the matrix (Section 2.1), and end at a point that was arbitrarily
assumed based on a reasonable load response. Since it was not
possible to establish the sequence of cracking, this transition was
assumed to be linear in the graph. The elastic modulus of the
composite Eom-posite Was estimated using Eq. (12):

Ecomposite = Eﬁber“ﬁber + EmatrixVmatrix (12)
where Efper is the measured elastic modulus of the fibers, vgperis the
volume fraction of the fibers, Enqrix is the elastic modulus of the
matrix reported by the manufacturer [15], and viqrrix is the volume
fraction of the matrix.

Fig. 7b plots the values of the applied loads P} and P§ and global
slips g' and g® determined for specimen DDS_330_34_1 for the
duration of the test (plotted as virtual time). Additionally, rotation
angle 0 is plotted in the graph. In the plots of global slips g’ and g~,
the region of the curve plotted with a different linetype (short
dash) represents the region in which area A transitions from
Acomposite 10 Afiper and E transitions from Ecomposite tO Efiper after first
cracking of the matrix, as discussed in the previous paragraph. Fig.
7b shows that applied loads PILI and P{} are consistent until the peak
load is reached. Immediately after the peak load is reached, the
global slip continues to increase in both composite strips with a
slight reduction in applied load. The applied load starts to decrease
because the bond mechanism is no longer fully established for the
composite strip that initially debonded. The fact that the global slip
continues to increase in the other composite strip suggests that
debonding may have initiated in that strip as well, although addi-
tional measurements are required to confirm this hypothesis. After
the peak load (the virtual time at the measured peak force applied
to the test specimen is indicated in Fig. 7b), the value of P§ is
slightly larger than that of Pfj due to increasing rotation (magnitude
of angle 0) as a result of differences in global slips g* and g in the
two composite strips.

In the remaining figures in this paper, the Py — g relations pre-
sented for the double-lap shear specimens are those associated
with the composite strip that initially debonded (e.g., P; — g for
specimen DDS_330_34_1, see Fig. 7). The response of the other
composite strip is not shown.

Py — g responses of representative specimens with different
bonded lengths and the same bonded width in the DDS_XXX_60
series (b =60 mm [2.4 in.]) are plotted in Fig. 8. The P — g relations
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Fig. 7. a) P} — g* and P} — g® for specimen DDS_330_34_1 b) P}, PR, g*, g%, and  versus virtual time for Specimen DDS_330_34_1.
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Fig. 8. Applied load P; — global slip g responses for representative specimens

(DDS_XXX_60 series).

shown are characteristic of the double-lap shear test specimens
presented in this paper. Fig. 8 shows initial overlap in the linear pre-
peak responses, and specimens with longer bonded Ilengths
continuing up to higher peak load levels. The discontinuity in the
initial portion of the responses is due to the abrupt change in A and
E, which, in this graph, were assumed to change abruptly from
Acomposite 10 Afiber and Ecomposite t0 Efiper after initial cracking of the
matrix, where cracking was determined by the measured tensile
strength of the matrix.

Py — g responses of representative specimens of different com-
posite bonded widths and the same bonded length in the DDS_330
series (2 = 330 mm [13 in.]) are shown in Fig. 9a. Fig. 9b shows the
responses of the same specimens in terms of normal stress oy
defined using Eq. (2), with ¢ = o;;and P=Pj;. Fig. 9a and b shows that
in general, an initial linear response is followed by a non-linear
response up to the peak (ultimate) load. The descending post-peak
response has a variable gradient until a near-constant load region is
reached.

The ultimate load P;* and the ultimate stress oy* of each double-
lap shear test specimen are summarized in Table 1, where Py* is
determined using the procedure described in this section, and oy* is
computed by Eq. (2) with P=Py*. The difference between values of
P* approximated using Eq. (1) (i.e., assuming perfect symmetry)
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and P;* computed using the procedure in this section ranged from
0 to 4% for the double-lap shear tests presented in this paper, with
an average percent difference of 1%. In general, good agreement is
observed between the approximated values and the values deter-
mined using the procedure developed, which suggests that the use
of Eq. (1) is reasonable for determining the applied load in each
FRCM composite strip at the peak load. However, it is noted that
this approximation cannot be used to describe the entire load-slip
response of the composite, especially after debonding of one of the
two composites strips occurs (see Fig. 7).

4.2. Comparison of double-lap and single-lap shear test results

This section compares the results of the double-lap shear tests
presented in this paper with results of 58 single-lap shear tests of
the same PBO-FRCM composite previously reported by the authors
[10]. Single-lap shear tests selected for the comparison from Ref.
[10] had a composite bonded width by = 60 mm [24 in.], a
composite bonded length ¢ = 330 mm [13 in.], or both. The single-
lap shear specimens selected and their peak load P* and peak stress
o* results are summarized in Table 2. Test specimen nomenclature
is defined in a note at the bottom of the table. Results of the single-
lap shear tests are included in Figs. 4, 5, and 9 to support the
comparison with the double-lap shear tests. It should be noted that
for the single-lap shear tests, the subscript “II” was not used in the
applied load or normal stress variables in the reference [10]
because the load was initially applied in the plane of the compos-
ite, and the out-of-plane component was neglected [17].

Fig. 9, which illustrates load responses of specimens with a
composite bonded length ¢ = 330 mm [13 in.] and different bonded
widths, includes representative specimens from the DDS_330 se-
ries and single-lap shear specimen DS_330_60_D_3 for comparison.
The load response of specimen DS_330_60_D_3 is representative of
the single-lap shear specimens tested by the authors [10]. Fig. 9a
and b shows that the shapes of the load responses of the double-lap
shear specimens are similar to that of single-lap shear specimen
with a few key differences. Fig. 9b shows that the global slip of the
double-lap shear specimens is less than that of the single-lap shear
specimen for a given load level. It should be noted that the global
slip of the double-lap shear specimens is influenced by the calcu-
lation procedure employed in Section 4.1, including estimation of
the elastic elongation of the composite in the unbonded region and
the assumption that global slip occurs equally in both bonded re-
gions of the same composite strip (assumption 5 in Section 4.1). If
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Fig. 9. a) Applied load P; — global slip g responses for representative DDS_330_XX specimens. b) Normal stress oy; vs. global slip g for representative DDS_330_XX specimens.



Table 2
Single-lap shear test specimens.

Specimen P o* Specimen P* o*

kN (kip) MPa (ksi) kN (kip) MPa (ksi)
DS_100_60_1 3.69 (0.83) 1150 (167) DS_330_60_4" 6.50 (1.46) 2020 (293)
DS_100_60_2 3.83 (0.86) 1190 (173) DS_330_60_5" 6.28 (1.41) 1950 (283)
DS_100_60_3 3.77 (0.85) 1170 (170) DS_330_60_6 7.01 (1.58) 2180 (316)
DS_150_60_1 525 (1.18) 1630 (236) DS_330_60_D_1 8.29 (1.86) 2570 (373)
DS_150_60_2 5.04 (1.13) 1570 (228) DS_330_60_D_2 7.12 (1.60) 2210 (321)
DS_150_60_3 3.05 (0.69) 950 (138) DS_330_60_D_3 6.56 (1.47) 2040 (296)
DS_200_60_2 5.66 (1.27) 1760 (255) DS_330_60_D_4 5.24 (1.18) 1630 (236)
DS_200_60_3 5.44 (1.22) 1690 (245) DS_330_60_D_5 6.69 (1.50) 2080 (302)
DS_200_60_4 6.58 (1.48) 2040 (296) DS_330_60_S_1 6.30 (1.42) 1960 (284)
DS_250_60_1 6.68 (1.50) 2070 (300) DS_330_60_S_2 7.31 (1.64) 2270 (329)
DS_250_60_2 6.17 (1.39) 1920 (278) DS_330_80_1 8.47 (1.90) 2050 (297)
DS_250_60_3 5.70 (1.28) 1770 (257) DS_330_80_2 8.84 (1.99) 2140 (310)
DS_330_34_17 3.00 (0.67) 1630 (236) DS_330_80_3 8.28 (1.86) 2000 (290)
DS_330_34_2" 3.51 (0.79) 1910 (277) DS_330_80_D_1 8.9 (2.00) 2150 (312)
DS_330_34_7 4.07 (0.91) 2210 (321) DS_330_80_D_2 8.68 (1.95) 2100 (305)
DS_330_34_8 4.02 (0.90) 2180 (316) DS_330_80_D_3 8.90 (2.00) 2150 (312)
DS_330_34_9 3.44 (0.77) 1870 (271) DS_330_80_D_4 8.42 (1.89) 2030 (294)
DS_330_43_1" 443 (1.00) 1930 (280) DS_330_80_D_5 8.58 (1.93) 2070 (300)
DS_330_43_27 525 (1.18) 2280 (331) DS_450_60_1 6.40 (1.44) 1990 (289)
DS_330_43_3 5.27 (1.18) 2290 (332) DS_450_60_2 6.34 (1.43) 1970 (286)
DS_330_43_5 479 (1.08) 2080 (302) DS_450_60_3 6.44 (1.45) 2000 (290)
DS_330_43_6 5.09 (1.14) 2210 (321) DS_450_60_4 5.77 (1.30) 1790 (260)
DS_330.43.5 17 448 (1.01) 1950 (283) DS_450_60_5 6.51 (1.46) 2020 (293)
DS_330_43_S_2" 5.12 (1.15) 2230 (323) DS_450_60_6 6.79 (1.53) 2110 (306)
DS_330_43_5_3" 3.03 (0.68) 1320 (191) DS_450_60_7 6.65 (1.49) 2070 (300)
DS_330_43_S_5 4.03 (0.91) 1750 (254) DS_450_60_D_1 7.01 (1.58) 2180 (316)
DS_330_60_1"7 7.05 (1.58) 2190 (318) DS_450_60_D_2 6.67 (1.50) 2070 (300)
DS_330_60_2" 6.56 (1.47) 2040 (296) DS_450_60_D_3 7.33 (1.65) 2280 (331)
DS_330_60_3" 6.06 (1.36) 1880 (273) DS_450_60_S_1 6.63 (1.49) 2060 (299)

Note 1: DS_X_Y_(S or D)_Z™" where DS = single-lap direct shear specimen, X = bonded length (¢) in mm, Y = bonded width (b;) in mm, S = presence of strain gauges mounted
on the fiber net, D = specimen tested until a constant load at the end of the test was measured, Z = specimen number, and superscript T = fiber net oriented with the

transversal fiber bundles directly against the matrix internal layer.

the global slip of the two bonded regions is indeed unequal, the
computed values of global slip are underestimated, which may
explain the difference in magnitude of global slip in the double-lap
and single-lap shear tests. Fig. 9b also shows that the magnitude of
the normal stress at the near-constant load region at the end of the
test is larger for the double-lap shear tests than for the single-lap
shear test.

Based on experimental and analytical evidence from the single-
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lap shear tests of the PBO-FRCM composite, the authors previously
developed an idealized applied load-global slip response shown in
Fig. 10a [10], which is briefly summarized herein. The first part of
the idealized response is represented by a linear branch associated
with elastic behavior of the bond between the fibers and the matrix
(region O-A in Fig. 10a). Following, the response starts to be
nonlinear; the interface between the fibers and the matrix expe-
riences some micro-damage, and the value of the applied load P

(b) Scenario 1 Scenario 2 Scenario 3

Point B
P
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Poimnt D

Fig. 10. a) Idealized applied load P — global slip g response determined from single-lap shear tests, b) Illustration of debonding scenarios of double-lap shear tests at key points of

the idealized load response in (a).



increases until the onset of debonding at the matrix—fiber interface
(point B). If the composite bonded length ¢ is equal to or longer than
the effective bond length L, defined as the minimum length
needed to develop the load-carrying capacity of the interface
[10—12], the stress transfer zone (STZ) [18] is fully established, and
the applied load P at point B is equal to the debonding load Pgep.
Once the debonding load is reached, interlocking between single
fiber filaments and between fibers and matrix [19,20] occurs in the
portion of the composite where the fibers have debonded. Conse-
quently, an increase in the applied load P after debonding initiates
is observed as the STZ translates along the bonded length towards
the free end of the composite. Once the STZ reaches the free end of
the composite, the maximum load P* is reached (point C). (For the
case of ¢ < I, the peak load P* is less than debonding load Pgep.)
Further increases in global slip result in a decrease in applied load
until the fibers are completely debonded from the matrix, where
the only residual contribution to the applied load is provided by
interlocking. Thus, the load response becomes constant (point D)
with an applied load value Prassociated with interlocking between
single filaments and between fibers and matrix (see
DS_330_60_D_3 in Fig. 9a). Fig. 10a also shows the stress-transfer
mechanism stages corresponding to different states of the load
response, where [ is the residual bonded length, and other vari-
ables were defined previously.

It is worth noting that while the peak load P* of single-lap shear
tests can be measured directly, the value of Pgep for the PBO-FRCM
composite is not easily determined from the load response because
of the increase in applied load due to inter-locking as the STZ
translates along the bonded region (region B—C of Fig. 10a). The
authors previously used a fracture mechanics approach to
determine the value of Pgep and the effective bond length leg from
strain profiles along the bonded length [10,12]. The value of the
applied load Py can also be measured directly and used to
determine the shear stress associated with interlocking, t¢[10]:

P
= 2nl§*Q (13)
which in turn can be used to determine the difference in magnitude
between P* and Py if the effective bond length leg is known [10]:

P* — Py = 2vnb” (Q - 1eff) (14)

Based on experimental evidence from the double-lap shear tests
discussed in Section 4.1, the idealized applied load-global slip
response shown in Fig. 10a should characterize the P;; — g response
of the FRCM-concrete interface tested using the double-lap shear
test (with P=Py;), although with several key differences related to
the sequence of debonding in the two composite strips. With the
double-lap shear test, debonding can occur in one of three possible
scenarios illustrated in Fig. 10b: 1) debonding initiates in one
composite strip, and debonding does not initiate in the other strip;
2) debonding initiates first in one composite strip, and then
debonding initiates in the other composite strip; or 3) both of the
composite strips debond simultaneously. For the double-lap shear
tests in this study, either Scenario 1 or 2 occurred in each specimen
(e.g., see Fig. 3), however, additional measurements are needed in
the future to distinguish among these two scenarios. The responses
in Fig. 9 show that the initial branch of the load response of the
double-lap shear tests should be similar to region O-A shown in Fig.
10a. For the case of ¢ > lgf for all three scenarios, after debonding
initiates in the first composite strip (or both strips simultaneously
for Scenario 3) (Py; = Pgep, corresponding to point B in Fig. 10a), the
STZ translates along the bonded length to the free ends of the
composite. Accordingly, interlocking between single fiber filaments

and between fibers and matrix [19,20] should occur in the portion
of the composite strip where the fibers have debonded, and
consequently an increase in the applied load Py should be observed.
Once the STZ reaches the free end of the composite, the maximum
load Pj* is reached (corresponding to point C in Fig. 10a). For Sce-
narios 1 and 2, unsymmetrical debonding causes unequal global
slip of the two composite strips, which eventually causes the
specimen to rotate (see Fig. 7b). The rotation could also start before
debonding due to differences in local bonding conditions causing
considerably more global slip in one strip than the other. The
rotation causes further differences in applied loads in the two
composite strips, as well as force components that are out of plane
of the composites (Fig. 6), resulting in mixed mode conditions [17].
Further increases in displacement of the specimen (i.e., average of
the LVDTs) result in increases in global slip in the composite strip
that initially debonded, and a corresponding decrease in applied
load, until the fibers are completely debonded from the matrix. At
this point, the residual contribution to the applied load is provided
by both interlocking and friction (Fig. 6). Thus, the value of the
applied load at this point should be larger than the value associated
with interlocking only (i.e., Py > Pr at point D in Fig. 10a), as
confirmed by the load responses shown in Fig. 9b. Accordingly, the
value of the applied load at point D cannot be used to determine
the debonding load using Egs. (13) and (14).

For Scenario 3, simultaneous debonding in both composite
strips theoretically should maintain the symmetry of the system,
and no rotation should occur. Accordingly, the applied load and
global slip in each composite strip should be equal throughout the
entire test, and the entire idealized load response of both strips
should be similar to that shown in Fig. 10a. While Scenario 3 is
theoretically possible, it was not observed in the double-lap shear
tests reported in this paper.

Unlike with the single-lap shear test, the peak load of the
response of the double-lap shear test cannot be measured directly;
however the assumption of perfect symmetry resulted in a
reasonable approximation of P*, as discussed in Section 4.1. The
peak loads of the double-lap shear specimens (using the approxi-
mate value determined by Eq. (1)) and single-lap shear specimens
are compared in Figs. 4 and 5 in terms of peak stress ¢*. Fig. 4 plots
the relationship between ¢* and composite bonded length ¢ for
specimens with a composite width by equal to 60 mm (2.4 in.) for
the DDS_XXX_60 series (double-lap shear specimens) and the
DS_XXX_60 series (single-lap shear specimens), along with their
respective average values plotted in the graph with solid markers.
The average ultimate stress of the DDS_XXX_60 series is slightly
lower than that of the DS_XXX_60 series for a given bonded length,
with the exception of ¢ = 100 mm (3.9 in.). In general, the lower
ultimate stress of the double-lap shear tests can be explained by
the observation that debonding does not occur equally and
simulta-neously in both composite strips (as was the case for all
double-lap shear tests in this study). For the case of a single-lap
shear test, the bond strength is the result of one bonded composite,
whereas the bond strength determined from a double-lap shear
test is the lesser result of two bonded composites (with two
bonded surfaces for each strip). Another consequence of this
difference is that, in gen-eral, single-lap shear tests should have
more variability (scatter) than double-lap shear tests. Results in Fig.
4 support this hypothesis since the results of the double-lap shear
test have less scatter than those of the single-lap shear tests,
although it should be noted that fewer double-lap shear tests were
conducted than single-lap shear tests. For the case of ¢ = 100 mm
(3.9 in.), the ultimate stress of the single-lap shear tests is lower
than that of the double-lap shear tests. This may be due to the
influence of a fracture mechanics Mode-I effect that influences the
results of the single-lap shear tests, especially those with relatively
short composite bonded



lengths [17,21,22].

Fig. 4 also shows that the trends exhibited by both the
DDS_XXX_60 and DS_XXX_60 series are similar. From the results of
single-lap shear tests, the authors found that the ¢* — ¢ relation
alone cannot be used to determine the effective bond length
because of the contribution from interlocking for ¢ > log. Instead,
strain profiles along the bonded length of single-lap shear test
specimens were analyzed to investigate the stress-transfer mech-
anism at the matrix—fiber interface and determine the effective
bond length, which was determined to be approximately 260 mm
(10.2 in.) for the PBO-FRCM composite studied [10]. Results of the
double-lap shear tests presented in Fig. 4 are in good agreement
with these findings.

Fig. 5 shows the relation between peak stress ¢* and com-
posite bonded width b; for specimens with the same bonded
length (¢ = 330 mm [13 in.]) for the DDS_330 series (double-lap
specimens) and the DS_300 series (single-lap specimens). Average
values of ¢* for each series and the same bonded width are plotted
in the graph with solid markers. Also, the average values of ¢* for all
specimens in the DDS_330 series and the DS_330 series are
reported in the figure. The average value of the DDS_330 series is
6.5% lower than that of the DS_330 series (if o™ is considered
instead, the average value of the DDS_330 series is 7.4% lower than
the average value of the DS_330 series). Results from both the
double-lap and single-lap shear tests are consistent and show that
a width effect does not exist for this type of composite.

4.3. Summary

In summary, the results in Sections 4.1 and 4.2 show that
debonding of the PBO-FRCM composite—concrete interface can be
inferred from both the single-lap and double-lap shear tests. An
advantage to the single-lap shear test is its simplicity; because
force is applied directly to the composite, the force in the com-
posite can be measured directly rather than determined indirectly
from a local strain measurement or from measured displace-ments.
However, the eccentricity of the applied load with respect to the
support restraint cannot be fully eliminated, and a Mode-I
condition may prevail for specimens with short composite bonded
lengths [22]. Double-lap shear tests utilize a symmetrical system to
apply load simultaneously to two bonded composite strips. The
assumption of perfect symmetry appears to be reasonable in
determining the peak load in the composite from the peak force
applied to the test specimen. However, a procedure similar to the
one presented in this paper must be used to determine the entire
load-global slip response. Unlike the single-lap shear test, the value
of the applied load at the end of the load response (point D in Fig.
10a) includes friction, and therefore it cannot be used to
determine the shear stress associated with interlocking tr or the
debonding load Pgep (Eqs. (13) and (14)). Finally, the peak loads
measured using double-lap shear tests were found to be slightly
lower than those of corresponding single-lap shear tests. In double-
lap shear tests, debonding generally does not occur equally and
simultaneously in both composite strips, and thus one of the
composite strips debonds before the other strip. The composite
strip that debonds first is expected to have the lower bond capacity
of the two strips. In general, this would suggest that results from
double-lap shear tests tend towards a lower bound estimate of the
composite bond strength, as shown in this study. For these reasons,
the authors recommend that the single-lap shear test be the
preferred test setup to study the behavior of the FRCM-concrete
joint.

5. Conclusions

This paper describes the results of an experimental study con-
ducted to investigate the behavior and stress-transfer mechanism
of PBO-FRCM composites externally bonded to a concrete substrate.
Double-lap (direct) shear tests were conducted on specimens with
composite strips bonded to concrete blocks. Parameters varied
were composite bonded length and bonded width. Results were
compared to those of single-lap shear tests of the same composite
to examine the influence of test setup on the results. The following
conclusions are made based on the findings of this study:

1. For each of the double-lap shear test specimens a single com-
posite strip debonded, where debonding was characterized by
slippage between the fibers and matrix within the composite
strip. No damage was observed to the concrete prisms.

2. For each of the double-lap shear test specimens, different load
responses were observed for the two FRCM composite strips,
especially after the peak force was reached. The applied load -
global slip response of the bonded composite reported for a
given double-lap shear test specimen should be that of the
composite strip that initially debonded. A procedure was
developed and presented to determine the load response of the
composite strip that debonded.

3. For double-lap shear test specimens, the simplified procedure
assuming perfect symmetry is reasonable in determining the
peak load in the bonded composites; however it is not valid to
describe the post-peak response of the bonded composite
(especially the global slip) unless simultaneous debonding oc-
curs and perfect symmetry is maintained.

4. The idealized load responses of single-lap and double-lap shear
tests are similar until the peak load is reached. If debonding
occurs simultaneously in both composite strips, the entire load
response should be similar. If debonding occurs in one com-
posite strip before the other, the value of the constant load at the
end of the test should be larger than that of the single-lap test
because of friction due to the out-of-plane force component in
the composite strip in addition to interlocking between the fi-
bers or between the fibers and the matrix.

5. Certain aspects of the behavior of the FRCM-concrete interface
that can be determined using the single-lap shear test, such as
interlocking between single filaments and between fibers and
matrix, cannot be determined using the double-lap shear test
unless perfect symmetry is achieved and maintained
throughout the entire test.

6. The ultimate stress of the double-lap shear test specimens was
slightly lower than that of the single-lap shear tests for speci-
mens with the same composite bonded length and bonded
width. Differences in local bonding conditions due to stochas-
tically distributed local variations of the bond characteristics are
more pronounced with double-lap shear tests because double-
lap shear tests have a larger number of bonded regions than
single-lap shear tests, and the lowest bond strength governs the
behavior. Less scatter in the ultimate load was observed in re-
sults of double-lap shear test results than those of single-lap
shear tests.

7. A width effect was not observed with specimens tested using
double-lap shear tests. These findings are consistent with re-
sults of single-lap shear tests of the same composite.
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