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ABSTRACT: In the paper, composite-to-brick strengthening systems with flexible adhesive 
made of polyurethane (CFRPU and SRPU) and epoxy resin (CFRP and SRP) were investigated 
with comparison of LVDT and DIC measurement systems. Specimens were tested in single lap 
shear test (SLST). Obtained results were applied in numerical analysis of the 3D model of the 
SLST specimen, with flexible adhesives modeled using a hyperelastic model. DIC and LVDT 
systems manifested good correlation. Experimental and numerical analysis confirmed that 
composite-to-brick strengthening systems with flexible adhesives are more effective on brittle 
substrates than stiff ones, because are able to reduce stress concentrations and more evenly 
distribute stress along the whole bonded length, having thus higher load carrying capacity. 

 
 

1 INTRODUCTION 

Stiff and brittle adhesives, as epoxy resin or mineral mortars, are applied in composite 
strengthening systems, bonded to concrete and masonry substrates. Composite reinforcement 
textiles made of various fibers are bonded using epoxy matrices (FRP/SRP) and mineral 
matrices (FRCM, TRM, SRG). In such systems, there are observed peaks of stress concentration 
and low effective bonding lengths, proportional to high stiffness of adhesives. In last few years, 
application of flexible polyurethane adhesives FRPU/SRPU (Fibre/Steel Reinforced 
Polyurethanes) were tested on masonry substrates. The results manifested increase of maximum 
load, ultimate slip and ultimate work for the composite systems with flexible adhesives, in 
comparison to the same parameters for the systems with stiff adhesives. Flexibility of an 
adhesive layer is key issue in an aspect of reduction of stress concentration and stress 
redistribution and can be effectively observed using Digital Image Correlation (DIC). 

The aim of this paper is presenting of flexible adhesives ability to increase effectiveness of 
composite-to-brick strengthening systems in comparison to stiff ones. To confirm this 
phenomenon experimental and 3D numerical approach were applied, using traditional and DIC 
(CivEng-Vision software, developed at Cracow University of Technology) measuring systems, 
as well as linear and nonlinear numerical models. Specimens of composite-to-brick 
strengthening systems were tested in single lap shear test (SLST) with flexible adhesive made of 
polyurethane (CFRPU and SRPU) and epoxy resin (CFRP and SRP). Using of various testing 
and analysis methods allowed making reliable comparison of behavior and effect of the stiff and 
flexible adhesives application in bonding of composites to a brittle substrate. 



  

 

  

2 DIC ABILITY TO ANALYSE STIFF AND FLEXIBLE ADHESIVES IN 
COMPOSITE STRENGTHENING 

2.1 Description of the used DIC method with the CivEng-Vision software 

Digital Image Correlation (DIC) has been widely used for tests on materials in mechanical 
engineering. DIC has already been successfully used also in experiments on composites, 
devoted to various fibers, matrices and substrates on small specimens by Carloni et al. (2012), 
Napoli et al. (2016), Ghiassi et al. (2013), Tekieli et al. (2017), as well as on large-scale 
specimens by Gams et al. 2014, Łątka and Tekieli (2016). The DIC software program CivEng 
Vision developed by Tekieli and Słoński (2015) was used for analysis of tested specimens.  

The DIC method is based on the correlation of the digital images taken during test execution, 
which are treated as a matrix consisted of pixels. The pictures taken before and after 
deformation are correlated and the points of the grid (Fig. 1a) are matched and identified as that 
associated to the peak of the correlation coefficient. DIC results are originally computed in 
pixels and then converted into millimeters. Speckle pattern, consisting of contrasted dots 
randomly distributed over a background, needs to be realized on the specimen surface and 
artificial markers (Fig. 1b) can be placed on the specimen to influence the accuracy of the 
results. Both of them are presented on tested specimens (Fig. 2). 

2.2 Differences in work of brick specimens strengthened with composites bonded on stiff 
and flexible adhesives tested in SLST  

DIC method described above was used in the research on strengthening of masonry structures 
with composite materials. Two shear bond tests were carried out on composite strengthening 
systems bonded to solid clay bricks, having dimensions 250 mm × 120 mm × 55 mm, 
compressive strength - 19.8 MPa, tensile strength - 2.5 MPa and Young’s modulus – 5.76 GPa, 
Valuzzi et al. (2012). Two composite materials were considered: CFRP plate (tensile strength 
3100 MPa, Young’s modulus 170 GPa – acc. to datasheet Sika CarboDur S1012) glued with 
epoxy adhesive (tensile strength 30 MPa, Young’s modulus 4.5 GPa – acc. to datasheet Sika 
Sikadur 330) – specimen CP-E-0 and ultra high tensile strength steel textile (tensile strength 
>2900 MPa, Young’s modulus > 205 GPa – acc. to datasheet Kerakoll GeoSteel G2000) 
embedded in polyurethane matrix (SRPU) (tensile strength 2.9 MPa, Young’s modulus 
14.8 MPa, Ghiassi et al (2015) – specimen R6. In shear bond tests a single lap shear test (SLST) 
configuration was chosen (De Santis et al (2017)) – each strengthening system was glued to the 
brick along a bonded length of 200 mm and width 50 mm and was located 20 mm from the 
upper and 30 mm from the lower face of the brick respectively (Fig. 2).  

a)  b)  

Figure 1. Principle of the Digital Image Correlation method (a) and the artificial marker with indication of 
real dimensions (b) – after Tekieli et al. (2017). 



  

 

  

The specimens were placed in a steel frame (Fig. 2a) and the load was applied to the end of 
CFRP plate/steel textile. The tests were performed under displacement control and the test rate 
was 0.3mm/min. During tests the load and the slippage between substrate and strengthening 
were measured. Two LVDTs for slippage control were used in order to check the results from 
DIC method. The specimen CP-E-0 failed at a load of Fb = 15.7 kN due to debonding with 
cohesive failure in the substrate. The specimen R6 failed at a load of Fb = 12.0 kN due to 
debonding at the textile to PS matrix interface. The observed failure modes and slip-load curves 
are presented in Fig. 3. DIC measurements are well correlated with LVDT ones (Fig. 4 - the root 
mean square error RMSE = 2.092%). 

a)   b)   c)  

Figure 2. SLST set-up: supporting steel frame and a camera for DIC (a); bonded area of specimen  
R6 (b); bonded area of specimen CP-E-0 (c). 

 

a)   b)   c)  

Figure 3. Failure mode of specimen R6 (a); failure mode of specimen CP-E-0 (b); slip-load curves for R6 
and CP-E-0 (c). 



  

 

  

a)     

Figure 4. Load-slip response curve provided by LVDT and DIC measurement methods in the shear bond 
test on the SRPU - R6 specimen – after Tekieli et al. (2017). 

 

a)  b)  

Figure 5. DIC (CivEng-Vision) maps of displacements (a) and strains (b) - SRPU - R6 specimen.  

 

DIC allows presenting maps of displacements and strains, calculated for the whole bonded area. 
Maps calculated for the load levels of 80% and 100% Fb are presented for the SRPU specimen 
for displacements (Fig. 5a) and for strains (Fig. 5b). These maps allow observing uneven 
changes in displacement and strain distributions (making failure process more understandable) 
unable to be noticed using traditional measurement devices. DIC confirms observations 
obtained from strain gauges (next Chapter) that effective transfer length of SRPU is longer than 
the bonding length of SRP and FRP with stiff epoxy adhesives - Tekieli et al. (2017). 

SRPU - R6 



  

 

  

3 SHEAR TESTS OF CFRP AND SRP COMPARED WITH CFRPU AND SRPU 

3.1 Description of the test and comparison of ultimate forces 

The mechanical properties of fibers, matrix, adhesive, substrate, surface preparation and bonded 
area influence on the effectiveness of composite strengthening systems are presented in details 
in Ceroni et al. (2016). In this section the results of single lap shear bond tests on clay bricks 
strengthened with different types of composite systems are presented. The specimens were 
made with a single clay brick (same as given in section 2) and strengthening was glued along a 
bonded length of 200 mm and width 50 mm. Four various composite strengthening systems 
composed of carbon or steel fabric and epoxy or polyurethane matrix were considered. The 
following abbreviations for strengthening materials are used: CFRP – Carbon Fiber Reinforced 
Polymer (carbon fabric in epoxy matrix), SRP – Steel Reinforced Polymer (steel fabric in epoxy 
matrix), CFRPU – Carbon Reinforced Polyurethane, SRPU – Steel Reinforced Polyurethane. 

Steel fabric comprises of steel cords of Ultra High Tensile Strength Steel (nominal thickness – 
0.227 mm) and the tensile strength of steel fibers is 3050 MPa and Young’s modulus is 200GPa 
Ceroni et al. (2016). The nominal thickness of carbon reinforcement is 0.165 mm and its tensile 
strength and Young’s modulus are 2889 MPa and 241 GPa, respectively. The epoxy resin used 
in the tests was Sikadur 330 and its main mechanical properties according to producer datasheet 
are: tensile strength 30 MPa, Young’s modulus 4.5 GPa and strain at peak load 0.9%. The 
mechanical properties of polyurethane matrix (PS) are: tensile strength 2.9 MPa, Young’s 
modulus 14.8 MPa and strain at peak load 45%, Ghiassi et al. (2015).  

The tests were carried out using the set-up consisted of a balanced C-shape steel frame with a 
brick rotation blockade (Fig. 7a) Ghiassi et al. (2015). The frame was fixed at the top using a 
ball hinge and the free end of the reinforcement was clamped. Four strain gauges were glued 
along the centerline of the reinforcement (Fig. 7b) and two displacement transducers were 
placed at the loaded and the unloaded ends. Tests were performed in displacement control with 
a displacement ratio of 0.3 mm/min. For each type of composite 4 to 5 specimens were tested 
(19 specimens in total) - Table 1. DIC was not used in this test. 

a)  b)  c)   

Figure 7. Testing set-up (a) with location of strain gauges (b), mean strain profiles along bonds at Fmax (c). 

 



  

 

  

Table 1. Experimental results of bond tests 

 
Specimen 

Failure 
mode 

Fmax 
(kN) 

Fmax.av 
(kN) 

CoV 
(%) 

σmax 
(MPa) 

η 
(-) 

C1 A 6.32 
C2 A 7.71 
C3 A 8.85 
C4 A 6.05 C

F
R

P
 

C5 A 6.23 

7.03 17.3 852 0.29 

S1 A 6.66 
S2 A 5.76 
S3 A 6.91 
S4 A 7.53 

S
R

P
 

S5 A 7.02 

6.78 9.6 597 0.20 

C1 D 12.73 
C2 D 14.40 
C3 B 11.64 
C4 A 10.18 C

F
R

P
U

 

C5 A 13.05 

12.40 12.8 1503 0.52 

S1 B 11.06 
S2 A 12.31 
S3 A 13.18 S

R
P

U
 

S4 A 11.53 

12.02 7.7 1059 0.35 

For each specimen, Table 1 reports the following data: the failure mode, the maximum force 
Fmax, the average value of the maximum force Fmax,av and the corresponding coefficient of 
variation, CoV, the maximum experimental tensile stress in the reinforcement σmax, calculated as 
ratio of Fmax to the transversal area of the reinforcement, the efficiency ratio η, defined as ratio 
of σmax to the tensile strength of the reinforcement. Four possible failure modes were considered: 
A – debonding with the cohesive failure of the substrate (brick), B – cohesive failure in the 
adhesive layer, C – tensile rupture of fibers, D –shear failure of the brick. In the case of epoxy 
adhesive debonding of the strengthening layer with the cohesive failure of brick occurred for 
both types of reinforcement (carbon and steel) and very similar average values of maximum 
load were observed – 7.03 kN and 6.78 kN for CFRP and SRP, respectively. When the 
polyurethane (PS) matrix was used, three failure modes A, B and D occurred with a load 
increase of about 76% for both carbon and steel reinforcement compared to epoxy adhesive. 

3.2 Comparison of strain distributions 

During the tests axial strain of composite along its bonded length were measured and recorded 
for all tested specimens at maximum load. Average strain profiles are presented in Fig. 7c. In 
the case of specimens with epoxy resin reinforced with carbon and steel fabrics the curves are 
exponential with the effective transfer length of about 100 mm. Strain profiles for polyurethane 
matrix are almost linear and the effective transfer length is longer but was not investigated jet. 

4 NUMERICAL ANALYSIS OF STIFF AND FLEXIBLE ADHESIVES 

4.1 Description of the model and numerical approach 

The goal of the numerical analysis of stiff and flexible adhesives was to compare the shear 
stress distributions for both bonding materials. Four spatial models of the SLST specimen, 



  

 

  

defined as a symmetrical half of the composite-adhesive-brick assembly, were constructed 
separately for the CFRPU, SRPU, CFRP and SRP specimens using Abaqus. The mechanical 
behavior of the adhesive layer in the case of the polymer PS was described by the hyperelastic 
model (Mooney-Rivlin) with two parameters C01 = 0.652 MPa and C10 = 1.211 MPa, after 
Kwiecień (2014). In the case of the epoxy (Sikadur S330) the material was defined as the 
isotropic linear elastic (E = 4.5 GPa and ν = 0.29). The adhesive layer was modeled with the 
C3D8HR elements. The composite strips materials were assumed to be the isotropic linear 
elastic materials (E = 195.054 GPa, ν = 0.2 for SRP and E = 233.861 GPa, ν = 0.23 for CFRP).  
The strips were modeled with the C3D8R elements. Finally, the brick was modeled as the 
isotropic linear elastic material (E = 5.756 GPa, ν = 0.2) using the C3D8R elements. The 
displacement rate of the strip (0.3 mm/min as in the experiment) was taken as the load of the 
SLST specimen. The linear analysis was applied in the case of CFRP and SRP specimens and in 
the case of CFRPU and SRPU specimens the analysis was fully nonlinear. 

4.2 Shear stress distribution 

The shear stress distributions, computed by Abaqus for SRP and SRPU specimens are presented 
in Figure 8 (using similar scale). The presented results (very similar to those for CFRP and 
CFRPU, thus here not presented) confirm that the polymer PS adhesive allows reducing the 
high stress concentrations in comparison with the case of epoxy adhesive and is also able to 
distribute evenly the shear stress along the bond surface. Comparison of shear stress was 
presented for 3 cases: SRP (epoxy) with Fmax for SRP (Fig. 8a), SRPU (polymer PS) with Fmax 
for SRP (Fig. 8b) and SRPU (polymer PS) with Fmax for SRPU. Calculated data of slips s  
(Fig. 8) are compatible with experimental curves presented in Ceroni et al. (2016). 

a)  

b)  

c)  

Figure 8. Computed shear stress distributions for: SRP with Fmax for SRP (a), SRPU with Fmax for SRP 
(b), SRPU with Fmax for SRPU (c). 

SRP - epoxy 
Fmax = 6.78 kN 
smax = 0.010 mm 

SRPU – polymer PS 
F = 6.78 kN 
s = 0.386 mm 

SRPU – polymer PS 
Fmax = 12.02 kN 
smax = 0.860 mm 



  

 

  

5 CONCLUSIONS  

In calculation of FRP/SRP and FRCM/SRC (TRM/SRM) influence of adhesive properties is 
neglected (assumption of perfect contact between composite and substrate is considered in 
guidelines, e.g. ACI 440.2R-08, CNR-DT 200/2004). Results presented in this paper indicate 
that properties of adhesives in composite-to-substrate strengthening systems should be taken 
into consideration. This is the case especially, when flexible adhesives (made from special 
polyurethanes – FRPU/SRPU) allow reducing shear stress concentrations and redistribute them 
to the larger bond area, making the composite strengthening system of higher load capacity. 

This phenomenon was confirmed in this paper, as well as in other papers presenting tests results 
made on FRPU/SRPU systems in various European laboratories, by experimental and numerical 
analysis (with flexible adhesives modeled using the hyperelastic model). They confirmed that 
composite-to-brick strengthening systems with flexible adhesives are more effective on brittle 
substrates than stiff ones, because the flexible behavior of adhesives is of great importance and 
should be taken into consideration in analysis and calculations. 

Using of flexible adhesives in composite-to-substrate strengthening systems allows opening 
new perspectives in practical applications of composite materials. In future research, 
hyperelastic adhesive properties have to be taken into consideration in calculations of adhesives 
models and compared with experimental results for confirmation. 
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