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Abstract 

Fiber Reinforced Cementitious Matrix (FRCM) materials are currently widely used for 
strengthening reinforced concrete (RC) structures and have assumed an important role in the 
seismic upgrading of these structures. The mechanical parameters for the evaluation of the 
capacity of strengthened structures, such as the tensile strength and the debonding load of the 
strengthening material, are determined through standards testing procedures that usually in-
clude tensile tests and bond tests. In this work the results of an experimental campaign of
beam tests on RC elements strengthened with FRCM composites are presented. Different
strengthening configurations and load rates are adopted. The experimental results are dis-
cussed and compared with the results available in literature to assess the influence of the test-
ing procedure on the obtained mechanical parameters. 

Keywords: FRCM composites, RC structures, Experimental campaign, Beam test.

4758

COMPDYN 2021 
8th ECCOMAS Thematic Conference on 

Computational Methods in Structural Dynamics and Earthquake Engineering 
M. Papadrakakis, M. Fragiadakis (eds.) 

Streamed from Athens, Greece, 28 - 30 June 2021 

Available online at www.eccomasproceedia.org 
Eccomas Proceedia COMPDYN (2021) 4758-4771

ISSN:2623-3347 © 2021 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2021. 
doi: 10.7712/120121.8823.19430



M. T. Cristofaro, A. D’Ambrisi, F. Focacci, R. Nudo, G. Stipo, M. Tanganelli, M. De Stefano 

1 INTRODUCTION 
Fiber reinforced polymers (FRP) [1, 2] and fiber reinforced cementitius matrix (FRCM) 

materials [3, 4] are widely used for strengthening and repairing masonry and reinforced con-
crete (RC) structures. The former are made of continuous fibers embedded in a polymeric ma-
trix, while the latter consist of continuous fibers arranged in unidirectional or bidirectional 
textiles embedded in a cement based matrix. FRCM materials are effective in increasing the 
flexural [5, 6, 7, 8, 9, 10] and the shear [11, 12, 13] capacity of RC members.

Guidelines have recently been issued for the mechanical characterization and evaluation of 
the design parameters of FRCM materials [14, 15]. Italian guideline [14] provides for tensile 
tests both on textiles and on composites and direct shear tests, while US guideline [15] pro-
vides for tensile tests on composites and tests on structural elements. 

The effectiveness of composite materials in increasing the capacity of concrete and mason-
ry structural elements strongly depend on the bond properties between composite and sub-
strate (FRP) [1, 16, 17] and between fibers and matrix (FRCM) [18, 19]. 

The shear stress transfer at the reinforcement-substrate interface is experimentally studied 
through direct shear tests in the single-lap configuration [20, 21, 22, 23, 24, 25, 26] (Figure 1a) 
or double-lap [27, 22] configuration (Figure 1b). These tests are performed to determine the 
debonding mechanism, i.e. the interface where debonding occurs, the maximum force trans-
ferable at the interface named joint capacity, the maximum force transferable when debonding 
initiates named debonding load [13, 26], and the minimum length of the interface surface to 
obtain the bond capacity named effective bond length. The tests performed so far have shown 
that for many FRCM materials the debonding occurs at the interface between fiber and matrix 
with significant relative displacements of the fibers with respect to the matrix and without 
debonding of the matrix from the support [28, 29]. 

The results of the single-lap or double-lap shear tests can be used to calibrate a cohesive 
material law (CML) [30, 24, 26], i.e. a relationship between the interfacial shear stress (τ) and 
the relative displacement or slip (s) between the fibers and the substrate. In the case of FRCM 
materials that show a loss of bond at the interface between fibers and matrix, the CML allows 
to predict with reasonable accuracy the tensile response obtained through tensile tests [31] 
performed according to ACI 434 [15].

(a)

(c)

(b)

Figure 1. Typical test setup for (a) single-lap shear test, (b) double lap shear test, and (c) beam test. 

An alternative to direct shear tests for the evaluation of the interfacial properties is the indi-
rect shear test performed on specimens of the beam test type [32, 33, 34] (Figure 1c). The 
beams are made up of two concrete blocks connected by a hinge in the compression zone and 
by the reinforcement in the tensile zone and are subjected to bending test on 3 or 4 load points. 
The tensile force in the composite material is determined as a function of the applied force F
through the equilibrium conditions.

In this work the results of an experimental campaign of beam tests on a FRCM material 
with poliparafenilenbenzobisoxazole (PBO) fibers are presented. With regard to the bond 
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properties of PBO-FRCM materials, many experimental results can be found in literature [13].
In particular the results of single-lap shear tests performed with different bond lengths are re-
ported in [25]. In [26] the results presented in [25] are used to calibrate an interfacial CML 
based on the relationship between bond length and joint capacity. In [22, 33] the results of 
single-lap shear tests are compared with the results of double-lap shear tests. In [35] the de-
pendence of the joint capacity evaluated with single-lap shear test on the loading rate is high-
lighted. Finally in [33] beam test results are compared with single-lap shear test results and it 
is observed that these two tests provide comparable results in terms of debonding load and 
joint capacity. 

The experimental campaign presented in this paper includes beam tests on PBO-FRCM 
materials characterized by three different PBO textiles embedded in the same cement matrix. 
The tests were performed at different loading rates. The obtained experimental results are dis-
cussed and compared with the experimental results available in literature with the following 
aims: i) to compare the dependence of the joint capacity on the loading rate obtained with sin-
gle-lap shear tests with the dependence of the joint capacity on the loading rate obtained with 
the beam test; ii) to assess the influence of the fiber arrangement in textiles on the fiber stress 
associated with the joint capacity; iii) to compare the results of single-lap shear tests with the 
results of beam tests in terms of joint capacity. 

2 EXPERIMENTAL PROGRAM 

2.1 Materials 
Three different PBO textiles (Figure 2) embedded in the same cement matrix were used in 

the experimental campaign: i) bidirectional textile with 70 g/m2 of fiber in the longitudinal 
direction (equivalent thickness of 0.046 mm) and 18 g/m2 of fibers in the transversal direction 
(equivalent thickness of 0.012 mm); ii) unidirectional textile with 44 g/m2 of fibers (equiva-
lent thickness of 0.028 mm); iii) unidirectional textile with 105 g/m2 of fibers (equivalent 
thickness of 0.067 mm). 

(a) (b) (c)

Figure 2. PBO textiles used in the tested FRCM materials: (a) bidirectional textile with 70 g/m2 of fibers in the 
longitudinal direction and 18 g/m2 of fibers in the transversal direction; (b) and (c) unidirectional textiles with 44 

g/m2 and 105 g/m2 of fibers in the longitudinal direction, respectively. 

These PBO textiles are referred to as 70/18, 44, and 105, respectively. The main geometrical 
and mechanical properties of the PBO textiles are summarized in Table 1, where b*, t* and if 
are the width, thickness and center-to-center distance of the longitudinal yarns, respectively, 
while tf is the equivalent thickness defined as the cross section area per unit width, equal to 

* *
f ft b i p , where p=70, 44, or 105 g/m2 is the weight of the longitudinal fibers per unit

surface of the textile and 31 56 g cmf . is the unit weight of the PBO fibers. Ef is the elas-
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tic modulus of the PBO fiber assumed equal to 206GPa according to the tensile tests present-
ed in [25], while ft is the fiber tensile strength according to the manufacturer.

PBO textile p b* t* if tf Ef ft

[g/m2] [mm] [mm] [mm] [mm] [GPa] [GPa]
70/18 70 4 0.1081 9.5 0.046

206 5.844 44 4 0.1645 23.5 0.028
105 105 4 0.1508 9 0.067

Table 1. Geometrical and mechanical properties of the three different PBO textiles. 

The cement based matrix was characterized through three-point bending tests and com-
pression tests [36]. The performed tests provided an average compressive strength of 29.13 
MPa and an average tensile strength of 6.40 MPa. The concrete blocks were casted with a 
commercial mix design (BIGMAT C25/30 concrete) with the addition of 20% river sand 
(grain size of 0.3÷1.25 mm) to obtain strength values close to those of existing concretes. 
Simultaneously to the block casting, 20 cubes with a side of 150 mm were casted. The com-
pression tests of these cubes provided an average compressive strength [37] of 17 MPa (CoV 
11%). 

2.2 Test setup 
The bond length L was the same for the two blocks and was equal to 363 mm while the 

width of the strip was equal to 94 mm (Figure 3).

(a)

(b)

Figure 3. Test setup: (a) front; (b) intrados (dimensions are in millimeters). 

The bond length L was greater than the effective bond length Leff which is approximately 250-
280 mm according to [25, 26, 27, 30]. This allowed to reach the debonding load of the rein-
forcement and therefore to compare the obtained results with those of single-lap shear tests 
with effL L in terms of debonding load. The edges of the concrete blocks were rounded at 
the intrados of the hinged cross sections to reduce the transverse compressive stresses at the 
interface associated with the relative rotation between the blocks during the test [13, 32]. 
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The tests were performed with a servohydraulic universal testing machine (Instron) by con-
trolling the displacement of the load application point at a constant rate. During the test the 
following response parameters were measured: i) the applied force F (Figure 3a); ii) the rela-
tive displacement between the blocks at the intrados (transducers T1 and T2 in Figure 3a); iii) 
the slip of the fibers at mid-span with respect to the two blocks (transducers T4 and T5). In 
particular transducers T4 and T5 measured the maximum relative displacements between the 
fibers and the concrete blocks (slips at points A and A'), which are referred to as global slips 
of the interface surfaces. The T1 and T2 transducers were of the CDP (LVDT) type with 
movable shaft, while the T4 and T5 transducers were of the CE cantilever type. Four dis-
placement rates were used for the force application point: 0.17, 0.34, 0.51 and 0.68 mm/min. 

Samples were named BT_x_yf_z_n, where x indicates the type of textile (70/18, 44, or 105), 
y the number of yarns, z the displacement rate, and n the number of the sample. The samples 
are listed in Table 2. At least three nominally equal specimens were tested for each textile and 
for each rate. Pictures of representative test samples are shown in Figure 4. 

(a) (b)

(c) (d)

Figure 4. (a) Test set-up; (b) textile 44; (c) textile 105; (d) textile 70/18. 

The adopted displacement rates correspond to nominal slip rates of 0.00085, 0.0017, 
0.00255 and 0.0034 mm/s, respectively. The nominal slip rate associated with each displace-
ment rate were evaluated neglecting the elastic deformation of the concrete blocks (i.e. rigid 
rotation of blocks was assumed) and assuming symmetric rotation of the two blocks. The 
lowest displacement rate was chosen to obtain a nominal slip rate similar to the slip rate 
adopted for the single-lap shear tests presented in [25]. Figure 5a shows the average of the 
global slips measured by the transducers T4 and T5 of four specimens with textile 74/18 as a 
function of time. Figure 5b shows the slip rate (obtained as the derivative of the correspond-
ing curve of Figure 5a) as a function of time for one specimen. Figure 5 shows that after the 
initial branch the slip rate tends to be constant and proportional to the displacement rate. 
Nonetheless the slip rate is significantly different form the nominal value evaluated on the 
base of the rigid blocks assumption. Furthermore the slip rate is almost constant only at the 
end of the tests when the deboning has already initiated. 
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Figure 5. (a) Global slip as a function of time; (b) slip rate as a function of time for specimen 
BT_70/18_10f_0.17_1. 

3 EXPERIMENTAL RESULTS AND DISCUSSION 
All the specimens failed due to loss of bond at the fiber-matrix interface with high interfa-

cial slip (Figure 4 (b)-(d)). Longitudinal cracks in a plane parallel to the intrados were ob-
served in the matrix in many of the specimens with 10 yarns of textile 70/18, similar cracks 
were not observed neither in the specimens with 9 yarns of textile 70/18 nor in the specimens 
with textiles 44 and 105. With reference to textile 70/18 this is probably related to the ratio 
between the matrix surface and the textile surface, which is higher in the specimens with 9 
yearns compared to the specimens with 10 yarns. With reference to textiles 44 and 105 the 
lack of longitudinal cracks is probably related to the lack of transverse yarns. 

Figure 6 shows a typical experimental response in terms of fiber stress-global slips (trans-
ducers T4 and T5) and fiber stress-relative displacement of the blocks at the intrados (average 
of relative displacements measured by transducers T1 and T2). 
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Figure 6. Typical experimental response in terms of fiber stress-measured displacement. 

The fiber stress was computed as the ratio between the axial force N in the fibers and the 
area Af of the fiber cross section. N was computed as a function of the applied force F (Figure 
3) via equilibrium equations. The global slips measured on the two blocks (points A and A',
transducers T4 and T5 in Figure 3b) were similar in the first phase of the loading process, ap-
proximately up to a load equal to 50%-60% of the joint capacity. In the second phase of the 
loading process the global slip increased faster at the loaded end of one of the two interface 
surfaces (transducer T4 in the case shown in Figure 6) compared to the other interface surface 
due to the formation and propagation of a crack at the fiber-matrix interface. On this surface 
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complete debonding occurred at the end of the test. In this phase the global slip of the other 
interface surface (transducer T5 in the case shown in Figure 6) stopped or decreased. Figure 6 
also shows that the global slips measured by the transducers T4 and T5 are consistent with the 
relative displacement of the blocks at the intrados, since the sum of these slips equals the av-
erage relative displacement measured by the transducers T1 and T2. 

Table 2 summarizes the specimen characteristics and the experimental results in terms of 
peak load Fmax, corresponding tensile force in the fibers referred to as peak force Nmax, corre-
sponding stress of the fiber referred to as peak stress σmax, and global slip of the surface where 
debonding occurs at the peak load gmax. 

Specimen n b* t* Af Fmax Nmax max Average max gmax Average gmax

[--] [mm] [mm] [mm2] [kN] [kN] [MPa] [MPa] [mm] [mm]
BT_70/18_10f_0.17_01 10 4 0.1066 4.26 5.35 8.08 1895

1727
(CoV = 9%)

2.257

2.147
(CoV = 18%)

BT_70/18_10f_0.17_02 10 4 0.1066 4.26 5.19 7.84 1839 2.532
BT_70/18_10f_0.17_03 10 4 0.1066 4.26 5.08 7.66 1797 2.107
BT_70/18_10f_0.17_04 10 4 0.1066 4.26 4.78 7.22 1694 1.670
BT_70/18_10f_0.17_05 10 4 0.1066 4.26 4.12 6.21 1457 1.729
BT_70/18_10f_0.17_06 10 4 0.1066 4.26 4.75 7.17 1682 2.585
BT_70/18_10f_0.34_01 10 4 0.1066 4.26 3.53 5.33 1250 1691

(CoV = 23%)

1.526 1.886
(CoV = 26%)BT_70/18_10f_0.34_02 10 4 0.1066 4.26 5.29 7.98 1872 1.683

BT_70/18_10f_0.34_03 10 4 0.1066 4.26 5.51 8.32 1952 2.449
BT_70/18_10f_0.51_01 10 4 0.1066 4.26 4.74 7.16 1680

1529
(CoV = 18%)

1.941

1.579
(CoV = 27%)

BT_70/18_10f_0.51_02 10 4 0.1066 4.26 3.90 5.89 1382 1.615
BT_70/18_10f_0.51_03 10 4 0.1066 4.26 5.19 7.84 1839 1.763
BT_70/18_10f_0.51_04 10 4 0.1066 4.26 3.24 4.88 1145 1.700
BT_70/18_10f_0.51_05 10 4 0.1066 4.26 4.51 6.81 1598 0.859
BT_70/18_10f_0.68_01 10 4 0.1066 4.26 6.32 9.54 2238

2243
(CoV = 16%)

1.994

2.527
(CoV = 16%)

BT_70/18_10f_0.68_02 10 4 0.1066 4.26 7.49 11.3 2651 2.569
BT_70/18_10f_0.68_03 10 4 0.1066 4.26 7.23 10.91 2559 2.568
BT_70/18_10f_0.68_04 10 4 0.1066 4.26 5.44 8.21 1926 2.407
BT_70/18_10f_0.68_05 10 4 0.1066 4.26 5.20 7.85 1842 3.099
BT_70/18_9f_0.68_01 9 4 0.1066 3.84 6.11 9.22 2403 2260

(CoV = 6%)

2.232 2.661
(CoV = 14%)BT_70/18_9f_0.68_02 9 4 0.1066 3.84 5.48 8.27 2156 2.880

BT_70/18_9f_0.68_03 9 4 0.1066 3.84 5.65 8.52 2221 2.870
BT_44_4f_0.68_01 4 4 0.16575 2.65 3.83 5.78 2179 2046

(CoV = 7%)

2.821 3.088
(CoV = 12%)BT_44_4f_0.68_02 4 4 0.16575 2.65 3.60 5.44 2051 2.937

BT_44_4f_0.68_03 4 4 0.16575 2.65 3.36 5.06 1908 3.505
BT_105_9f_0.68_01 9 4 0.15145 5.45 9.28 14.01 2570 2516

(CoV = 2%)

3.589 3.610
(CoV = 6%)BT_105_9f_0.68_02 9 4 0.15145 5.45 9.03 13.63 2500 3.845

BT_105_9f_0.68_03 9 4 0.15145 5.45 8.95 13.51 2478 3.397

Table 2. Peak load Fmax and corresponding axial force Nmax, axial stress max, and global slip gmax of the tested 
specimens. 

The average peak stress of textile 70/18 is between 1529 MPa (displacement rate 0.51 
mm/min) and 2260 MPa (displacement rate 0.68 mm/min). The corresponding coefficients of 
variation (CoV) are equal to 18% and 6%, respectively. The slip at the peak load is between 
1.57 mm (displacement rate 0.51 mm/min, CoV=27%) and 2.66 mm (rate 0.68 mm/min, 
CoV=14%). The average peak stress of textiles 44 and 105 are 2046 MPa (CoV=7%) and 
2516 MPa (CoV=2%). The global slip at the peak load exceeds 3 mm for these textiles.

The σ-g responses of the tested specimens are shown in Figure 7 where the fibers tensile 
stress  is reported as a function of the global slip g of the interface surface on which the 
debonding occurs (maximum of the global slips measured by the transducers T4 and T5). The 
experimental -g responses shown in Figure 7 are consistent with the idealized -g response 
shown in Figure 8a, which is associated with the typical CML shown in Fig 8b [26] and with 
a bonded length equal to or longer than the effective bond length. 
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Figure 8. (a) Idealized -g response; (b) typical CML. 

This response curve exhibits an ascending branch up to the debonding stress deb, which 
correspond to the onset of the interfacial crack propagation that occurs for a global slip equal 
to sf (Figure 8b). A further ascending branch, up to the peak stress max, is exhibited if a con-
stant friction branch follows the slip sf in the CML and the bonded length is longer than the 
effective bond length. The slope of this branch is related to the friction shear stress f (Figure 
8b). Once the peak stress is attained the applied stress decreases until it reaches a constant 
value due to friction only. The snap back phenomenon shown in Figure 8a, which is due to 
the elastic energy release associated with the decrease of the force N, is not experimentally 
caught by the performed beam tests since they are controlled by the displacement of the load 
application point.

An initial linear branch is exhibited by all the -g responses shown in Figure 7 whose 
slope is related neither to the type of textile nor to the displacement rate. This branch is fol-
lowed by an ascending branch with a smaller slope up to the onset of the debonding phenom-
enon. Once the debonding initiates the increase of the load up to the peak stress max is 
associated with the development of friction shear stress [26] in the debonded region near to 
the loaded end. The descending branch is associated with the increase of the length of the 
debonded zone up to the complete debonding and the attainement of a constant stress associ-
ated with the interfacial friction shear stress f [25]. It should be noted that some beam tests 
were stopped before reaching the friction branch to save time. 

Figure 9 compares the σ-g responses of beam test on textile 70/18, characterized by a nom-
inal slip rate equal to 0.00085 mm/s, with the σ-g responses obtained by D'Antino et al. [25] 
on the same composite through single-lap shear tests at the slip rate of 0.00084 mm/s with a 
bonded length equal to 330 mm. Similar responses are obtained with the single-lap and beam 
tests. In particular the performed beam tests provided a slightly lower peak stress and corre-
sponding global slip and a slightly higher friction stress compared to the values of the corre-
sponding parameters provided by single-lap shear tests. The mentioned differences between 
the results of these tests are not fully consistent with the experimental results presented by 
Calabrese et al. [33]. In [33] it is observed that beam tests and single-lap shear tests provide 
similar peak stress, while beam tests provide friction stress that are roughly the double of 
those provided by single-lap shear test. 
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Figure 9. Comparison between the σ-g responses obtained with beam tests and the σ-g responses obtained by 
D'Antino et al. [25] through single-lap shear tests. 

The higher friction stress obtained with beam tests is attributed by the authors of [33] to the 
transversal compressive stress on the textile at the edge of the blocks (at the mid-span of the 
specimen) associated with their rotation. The edges of the concrete blocks were rounded at the 
intrados of the hinged cross sections to reduce the transversal stress on the textile when the 
blocks rotate. This could explain the difference between the results presented in [33] and the
results presented in this paper. 

The influence of the displacement rate is shown in Figure 10 in which the peak stress (Fig-
ure 10a) and the corresponding global slip (Figure 10b) are reported as a function of the nom-
inal slip rate.
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Figure 10. Influence of the slip rate: (a) peak stress vs. slip rate; (b) global slip at peak load vs. slip rate.

In Figure 10 the experimental results are also compared with those obtained by Carloni et. 
al. [35] with single-lap shear tests. Experimental peak stress of single-lap shear tests presented 
in [35] refer to bonded length equal to 330 mm and 430 mm. It can be observed that the de-
pendencies of the peak stress and corresponding global slip on the slip rate are different from 
those presented in [35], even if the peak stress corresponding to the slip rate 0.0025 mm/s is 
similar. The difference between the results of beam tests and the results reported in [35] is 
probably due to the different test procedure adopted. Indeed the single-lap shear tests present-
ed in [35] are performed imposing a constant rate of the global slip, while the beam tests are 
performed imposing a constant rate of the load application point. As discussed in section 2.2 
the slip rate approaches to a constant value only at an advanced stage of the test (Figure 3). 
This makes the beam test configuration unsuitable for investigating the influence of the load-
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ing rate on the interfacial stress transfer phenomenon, unless the tests are controlled by the 
global slip measured through the transducers T4 and T5. 

Figure 11 shows the comparison among the -g responses of the three utilized textiles. It 
can be observed that the response curves of textiles 44 and 105 are similar to those of textile 
70/18. Textile 105 is characterized by slightly higher slip at peak load than those of 70/18. 
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Figure 11. Effect of the fiber arrangement on the -g responses: (a) textile 44 vs. textile 70/18; (b) textile 105 vs. 
textile 70/18. 

4 CONCLUSIONS 
This paper presents the results of the first step of an experimental campaign for the charac-

terization of the bond between PBO-FRCM materials and concrete by means of beam tests. 
Three composite materials made of the same matrix and different PBO textiles were tested. 
The tests were performed with different loading rates. The following conclusions can be 
drawn. 
1. Beam tests provided experimental responses similar to those obtained by several authors

through single-lap shear tests.
2. The fiber stress associated with the friction at the fiber-matrix interface was lower than

that obtained by other authors with similar tests. This difference can be ascribed to the ge-
ometrical characteristics of the employed specimen.

3. It was not possible to observe a clear dependence of the joint capacity and the correspond-
ing global slip on the loading rate. Therefore beam test does not appear suitable for evalu-
ating the effect of the loading rate on the bond properties of PBO-FRCM materials, unless 
they are performed controlling the relative displacement between the concrete blocks or 
the interfacial slip at the mid-span of the specimen. 

4. Textiles of PBO fibers with different fiber amounts have comparable responses in terms of
shear stress transfer mechanism in the investigated range. 

The beam test appears to be an alternative to single-lap or double-lap shear tests to character-
ize the interface between FRCM materials and the substrate. However further investigations 
are needed to determine the influence of the geometry of the specimen and the test procedure 
on the measured parameters. 
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