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ABSTRACT: This paper presents the first results of a wide experimental campaign aimed at
investigating the interfacial behavior between Mechanically Fastened FRP (MF-FRP) laminates
and concrete substrate. The results of some pull-out tests carried out on FRP laminates
mechanically-fastened to concrete prisms are firstly reported. Then, a simplified numerical
model is formulated with the aim of developing a suitable bearing stress-slip relationship to
model the mechanical behavior of the FRP/concrete interface. Such a numerical model is
utilized within an optimization procedure for identifying the relationships between the force
applied on the single fastener and the corresponding displacement. Finally, the relationship
calibrated by considering the above mentioned experimental results is also compared with other
similar relationships deriving by experimental results available in the scientific literature.

1

INTRODUCTION

The use of Mechanically Fastened (MF) Fiber Reinforced Polymer (FRP) laminates is emerging
as a promising means for the flexural strengthening of reinforced concrete (RC) members. This
technology relies on pre-cured FRP laminates with enhanced bearing strength, connected to the
concrete substrate by means of steel anchors. Attractive applications are those for emergency
repairs where constructability and speed of installation are critical requirements.
Experimental tests performed on RC slabs strengthened in flexure with MF-FRP laminates have
recently shown the occurrence of significant slips at concrete-FRP interface which are mainly
due to the bearing of the fasteners onto the laminate (Napoli 2008). As a result, the effect of the
partial interaction between concrete and FRP laminate cannot be neglected in the analysis and
design of MF-FRP strengthened members, whereby the assumption of conservation of plane
sections may lead to inaccurate predictions. To address this issue, preliminary studies were
recently performed by some authors (Lee et al. 2008; Napoli et al. 2010).
This paper presents the results of the first pull-out tests carried out within the framework of a
wider experimental campaign aimed at investigating the FRP-concrete behavior of FRP
laminates mechanically fastened to concrete members. Then, a simplified numerical model, able
to simulate the key aspects of the FRP-concrete interfacial behavior is formulated. Such a model
is finally applied to the above mentioned experimental results for identifying the relationship
between the force applied on the single fastener and the corresponding displacement. The
identified relationship is also compared to others already obtained by the authors using different
experimental results available in the scientific literature (Martinelli et al. 2010).
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EXPERIMENTAL CAMPAIGN

The experimental program, still in progress at the Laboratory of Structures of the University of
Salerno, includes a total of 10 direct shear tests (“DST”) performed on FRP laminates
mechanically fastened to concrete blocks by means of screwed anchors. In this paper, the results
of the first three conducted tests are presented and discussed. The following sections report a
detailed description of the test specimens and materials, strengthening layouts, test setup and
instrumentations.
2.1

Test specimens and materials

The test specimens consist of concrete prisms with dimensions of 150 x 200 x 470 mm. The
concrete mixture was designed for an average target cylinder compressive strength (fc) of about
30 MPa. This value was checked by compression testing of cubic samples with 150 mm side
cast together with the prisms and cured under the same environmental conditions. (fc=0.83·Rc,
being Rc the cubic compressive strength).
The pre-cured laminates used for the MF-FRP system were glass- and carbon-vinyl ester
pultruded strips with enhanced transverse and bearing strength by means of embedded fibreglass
mats (Strongwell 2010). Width and thickness of these laminates, shown in Figure 1 (a), were
102 and 3.2 mm, respectively. The relevant mechanical properties of such linear-elastic FRP
materials, as provided by the supplier, are the following: tensile strength, ffu =852 MPa; elastic
modulus, Ef = 62 GPa; ultimate strain, εf = 1.36%; open-hole tensile strength, fuo = 652 MPa;
ultimate bearing, fbu = 385 MPa.
Screw anchors (Hilti 2010) made of carbon steel were used to secure the FRP laminate to
concrete, as shown in Figure 1(b). The anchors had a 4.5 mm shank length and a 6 mm
diameter, and were driven into pre-drilled holes using a common torque wrench. In order to
investigate the feasibility of the easiest and most practical MF-FRP installation, neither washers
nor gap fillers (resin) were used.
2.2

MF-FRP strengthening layout and test matrix

Figure 2 depicts the five fastener layouts (from L1 to L5) selected in this study. In each
configuration, the FRP laminate has two staggered rows of holes, spaced at about 51 mm, which
allow for an optimal use of the laminate strength by minimising shear lag effects that occur
when using a single row of fasteners (Rizzo 2005). Also, staggering of the rows allows for a
more even longitudinal stress distribution (Martin and Lamanna 2008).

a
Figure 1. MF-FRP strengthening system: (a) FRP laminate; (b) screw anchors.
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Figure 2. Fastener layouts.

On each row, the fastener on-centre spacing, ranged from a minimum of 76 mm (for L5), to 152
mm (for L2 and L4), up to a maximum of 228 mm (L3). From the literature, the closest spacing
was the minimum one to prevent the occurrence of premature failure due to laminate shear-out
or concrete pry-out (Rizzo 2005; Martin and Lamanna 2008), while the edge distance of 64 mm,
used in all configurations, was selected to offset the likelihood of laminate cleavage-tension
failure (Lamanna 2002), and to prevent shear-out failure at the outermost fasteners (Rizzo
2005). It is worth mentioning that, among the five configurations shown in Figure 2, the layouts
L2-L4 and L5 were already investigated in a previous experimental campaign performed on RC
slabs strengthened in flexure with MF-FRP laminates (Napoli 2008; Napoli et al., 2010).
Table 1 summarizes relevant details of the ten “DSTs” included in the experimental program,
that is the fastener layout (from L1 to L5), the employed length of the FRP laminate, Lf, and the
total number of fasteners, Nb. In particular, two identical tests for each fastener layout are
considered; consequently, the specimens are labelled as ‘DST-X-Y’, where X indicates the
fastener layout and, within this, Y identifies the two performed tests, (a) or (b).
Table 1. Test matrix.
DST-L1 (a)

DST-L2 (a)

DST-L3 (a)

DST-L4 (a)

DST-L5 (a)

DST-L1 (b)

DST-L2 (b)

DST-L3 (b)

DST-L4 (b)

DST-L5 (b)

Layout

L1

L2

L3

L4

L5

Lf (mm)

268

420

572

572

572

2

4

4

6

10

TEST

Nb

2.3

Test setup and instrumentation

Figure 3 shows a schematic of the setup properly designed to assure direct shear at the
FRP/concrete interface. In particular, the test specimens were first restrained within two stiff
end plates (upper and lower ones) by pre-tensioning four high strength threaded rods having a
20 mm diameter, and then were placed into a conventional tensile loading frame. An anchorage
length of the FRP laminate, equal to about 130 mm, was always used to assure the proper
gripping of such laminate within the tensile machine. Special care was also taken to ensure
proper alignment with the axis of the load application.
As illustrated in Figure 3, linear variable displacement transducers (LVDTs), and optical sensors
were placed in the test apparatus to measure the differential deformations (“slip”) occurring at
concrete/FRP interface. The load was applied in displacement control at a rate of 0.05 mm/sec
Electrical resistance strain gauges, 5 mm in length, having a resistance of 120 ± 0.3% and a

gauge factor of 2.095 ± 0.5%, were used to measure the strains along the FRP strips. The
LVDTs and the strain gauges were connected through a master panel to a data acquisition
system with an interface card-equipped desktop computer. The applied load was recorded as an
output of the testing machine. The system was set to continuously scan the instrumentation
during testing and to save the raw data to a file at 0.5-second intervals. Raw data were later
tabulated and analyzed using a spreadsheet program.
3

EXPERIMENTAL RESULTS

In order to investigate the behavior at the FRP-fastener-concrete connections, the results of the
three performed direct shear tests, namely DST-L1 (a), DST-L2 (a) and DST-L2 (b) are
presented and discussed herein. In particular, the interfacial behaviour is primarily characterized
by a relationship between the applied load and deformation at the fastener locations. It is known
that this deformation, conventionally referred to as “slip”, can be affected by many factors such
as: bearing deformation, fastener rotation, horizontal deformation associated with fastener
pullout, and local concrete crushing (Elsayed et al. 2009; Napoli et al. 2008).
Figure 4 shows the comparison of the experimental load-slip responses obtained for the tested
specimens. In all cases, a rather linear behaviour was observed up to the achievement of 4 mm
displacement value, where a nonlinear trend took place.
As expected, the use of four fasteners, as in the tests DST-L2 (a) and DST-L2 (b), significantly
increases the load capacity (Fmax=45.95 kN for the test DST-L2 (a), and Fmax=38.02 kN for the
other one), although this is lower than twice the value achieved when using two fasteners (about
1.5 times on the average).
In comparison with the experimental results found by Elsayed et al. (2009) where screwed
anchors with a diameter of 4.76 mm were used as fasteners, higher peak loads were measured.
Furthermore, while in that case the measured loads were kept rather constant after the
achievement of the peak value, an evident softening branch is noted in the plots of Figure 4.
In all performed tests, the bearing deformation was the predominant damage phenomenon as
illustrated in Figure 4b; this activated since the initial steps of loading process. Furthermore, at
increasing the hole elongation, a progressive rotation of the anchor heads was experienced,
mainly in the case of the test DST-L1 (a). At the end of the each test, only a slight local concrete
crushing was observed.
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Figure 3. Test setup and instrumentation.
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Figure 4. Load-slip relationships obtained from the performed tests (a); bearing damage in the FRP strip (b).
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A SIMPLIFIED NUMERICAL MODEL

This section briefly describes a simplified 1D numerical model extensively presented in
Martinelli et al. (2010). Such a model was formulated to identify, based on available
experimental results, a suitable bearing stress-slip relationship to simulate the FRP-concrete
interfacial behavior.
Figure 5a depicts a schematic of the mentioned 1D structural system and introduces some of the
basic quantities and symbols utilized in the formulation of the numerical model. In particular,
the strip is connected by n fasteners and the n-1 spaces between two adjacent ones are denoted
by a number in square brackets. The force H(k) is considered as the external action applied in the
axial direction (namely, z-axis) at the k-th step of the analysis procedure. Since no distributed
action is applied throughout the strip (neither in axial nor in transverse direction), the internal
axial force N(k)(z) has a step-wise shape throughout the strip axis. In particular, the constant
value assumed for N(k)(z) between the fastener i-th and (i+1)-th is denoted as Ni(k) (Fig. 5b).
In correspondence of the same analysis step, the fasteners are supposed to transfer to the FRP
strip a series of point forces Fi(k) (with i=1..n), assumed positive rightwards, as a consequence of
the global reference system introduced in Figure 5a. The effect of the possible eccentricity
between the axial forces Ni(k) and the fastener actions Fi(k) is neglected as a result of the
assumption of very small thickness of the FRP strip. Such an assumption is needed for
formulating a 1D-model considering only the membrane stress regime and neglecting the
bending in transverse direction as well as any possible non-uniform stress-strain distribution
across the strip width in the out-of-plane direction.
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Figure 5. Schematic of the simplified 1D model (a); Internal stresses in the composite strip (b).
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The same assumption is made in considering the axial displacement field w(k)(z) of the i-th
fastener throughout the strip centroidal axis, as the unique displacement component of interest.
The discrete nature of the mechanical fastening system results in considering as main
displacement parameters the n displacement values wi(k) attained by the displacement field
w(k)(z) in correspondence of the n fasteners, whose position is given by the abscissa zi (Fig. 5a).
The numerical procedure, extensively explained in Martinelli et al. (2010), is finally based on
solving the following set of nonlinear equations:
(k )
(k)
Fi ⋅ ∆z
F1 ⋅ ∆z
(k )
(k )
(k )
(k )
(k )
w2 − w1 = −
; wi +1 − 2wi + wi −1 = −
for i=2,n-1
(1)
E f Af
E f Af
wn

(k )

= wn

(k )

(2)

(k )

where w n
is the displacement imposed to the n-th fastener at the k-th step of the analysis.
Also, by assuming that each fastener has an independent behavior described by the function
Fi(w), a general relation can be introduced between the axial displacement wi(k) and the
corresponding force in the i-th fastener Fi(k):
Fi

(k)

{ }

= Fi wi(k )

for i=1, n

(3)

Furthermore, the following set of simultaneous equations can be written in matrix form by using
eqs. (3) for transforming the right hand term of eqs. (2):
Aw ( k , j ) = b ( k , j )

(4)

where A is a n-th order square matrix collecting the coefficients on the left hand terms of eqs.
(1) and (2), w(k,j) is the vector collecting the n displacements at the j-th numerical iteration of the
k-th analysis step, and b(k,j) is a vector collecting the right-hand terms of equations (1) and (2).
An iterative procedure is required for handling the nonlinear nature of eq. (4) until the variation
of the vector w(k,j) with respect to the previous iteration is smaller than a given tolerance δ.
Then, the value of external force H(k) corresponding to the imposed displacement w n ( k ) can be
derived by means of the following general equilibrium condition:
n

[

H ( k ) = − ∑ Fi wi
i =1

5

( k,j )

]

(5)

INDIRECT IDENTIFICATION OF THE INTERFACE RELATIONSHIP

From the previous section it is noted that the used algorithm can be applied once a relationship
between the force in the i-th fastener Fi(k) and the axial displacement wi(k) is defined, as
expressed by eq. (3). In particular, Fi(k) can be approximated as:

Fi( k ) = −ksec,i( k ) ⋅ wi( k ) ≅ −σ f ,i( k )( wi( k ) ) ⋅ t f ⋅ ds

(6)

where σf.i(k)(wi(k)) is the “local” bearing stress produced by the single fastener in the FRP
laminate which is associated with the axial displacement wi(k) (or “slip”). The general nonlinear
relationships [σf(w)-w] illustrated in Figure 6 was considered in the numerical modeling
(Martinelli et al. 2010), where fb identifies the stress in the FRP laminate at the onset of bearing,
resulting in a deviation from linearity of the stress-slip relation, and wb is the associated slip; fbu
is the bearing strength of the FRP laminate, and wbu is the associated slip; wu is the ultimate slip.
The parameter A = w/wb, while α and β define the nonlinear increasing branch.
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Figure 6. Modeling of the “local” bearing stress-slip.

The components of the vector q = (fb, wb; fbu, wbu, wu, β) are calibrated through a least-square
minimization procedure between the value of the external force H(k) numerically obtained and
the experimental result corresponding to the associated displacement wn(k) described by:



∆ ( q ) = min ∑  H ( k ) wn( k ) , q − H ( k ,exp) 
q

k

(



)

2

(7)




q = arg min ∆ ( q )

(8)

while the parameter α relies on the values assumed by the other components of the vector q.
Figure 7 shows the bearing stress-slip relationships for a single screw yielded by applying such
least-square procedure to the tests DST-L1 (a); DST-L2 (a) and DST-L2 (b). Thus, such laws
were compared with the relationship reported in Martinelli et al. (2010) that was found by
applying the same numerical procedure to the results of direct shear tests performed by Elsayed

et al. (2009). For that relationship, the components of the vector q assume the following values:
fb = 197 MPa, wb = 2.9 mm, fbu = 323 MPa, wbu = 12.9 mm, wu = 27.8 mm, β = 0.31; α = 0.69.

σb [MPa]

Looking at the plot in Figure 7, it is observed that, despite the limited number of test results
available up to now, the bearing stress-slip law previously identified by the Authors to simulate
the FRP/concrete interfacial behaviour seems to be too much conservative with respect to the
best-fit relationships obtained for the tests DST-L1 (a); DST-L2 (a) and DST-L2 (b).
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Figure 7. Bearing stress-slip relationships for a single fastener.
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This may due to the following considerations:
- the better performance of the MF-FRP laminate linked to the use of a staggered fastener layout
is corroborated by experimental evidence as a higher bearing strength is calculated; however,
the considered test results do lead to non negligible differences among the obtained numerical
relationships, so a suitable bearing stress-slip relationship is not clearly identified;
- the fastener diameter plays a significant role in characterizing the interfacial behaviour.
However, more experimental tests are needed to explore the influence of such parameter;
- the bearing strength decreases at increasing the number of screws, thus highlighting that
interaction among multiple fasteners significantly affects the interfacial behaviour.
Finally, in Figure 7 the bearing stress-slip relationship obtained by averaging once at time the

components of the vector q for the three tests is plotted. Such “average relationship”, so far
suggested to approximately simulate the FRP-concrete interaction, is rather different from that
proposed in Martinelli et al (2010), and is characterized by the following parameters: fb = 321
MPa, wb = 4.2 mm, fbu = 498 MPa, wbu = 8.5 mm, wu = 26.6 mm, β = 0.39; α = 0.36.
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CONCLUDING REMARKS

In this paper, the results of some pull-out tests carried out on FRP laminates mechanicallyfastened to concrete blocks are presented and discussed. A simplified 1D numerical model has
been also implemented with the aim of identifying a bearing stress-slip relationship to model the
FRP/concrete interfacial behavior. Such relationship, calibrated by considering such test results,
has been compared with another law derived by the Authors in a previous study and based on
other experimental results available in the scientific literature.
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