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Summary

Summary

Strengthening of concrete structures with epoxy bonded carbon fiber reinforced
polymers (CFRP) has been proved to be an excellent strengthening technique.
However, using epoxy adhesives for bonding do contain some disadvantages such as
diffusion closeness, thermal incompatibility to the base concrete, regulations regarding
the working environment and minimum application temperature. Some of these
drawbacks can be lessened by substituting the epoxy to a polymer reinforced mortar as
the bonding agent. A new acronym for strengthening concrete structures with CFRP
and polymer reinforced mortars is introduced, mineral based composites (MBC).

This thesis presents experimental tests for both flexural strengthening and shear
strengthening techniques using CFRP grids and polymer modified mortar as the 
bonding agent are presented. Flexural strengthening using the MBC system was
designed as a pilot study to evaluate suitability of different mortars with different
mechanical properties. The outcome of the pilot study on flexural strengthened small
scale concrete beams gave indications on the choice of mortar used in the MBC
system.

A total amount of 21 concrete beams with and without shear strengthening subjected
to four-point bending is evaluated in the thesis. The concrete beams were 4.5 m long
and had a rectangular cross section of 180 x 500 mm. A number of parameters were 
varied for these beam specimens namely; concrete strength, shear reinforcement design, 
mortar properties, grid design and the addition of flexural strengthening using Near
Surface Mounted Reinforcement (NSMR). Considering the steel shear reinforcement,
three different variations were utilized; no shear reinforcement, a stirrup distance of 250
mm and 350 mm respectively. 

The results from the experimental study of the shear capacity using MBC on beams
with no shear reinforcement indicates that strengthening concrete structures with the
MBC system has competitive properties compared to epoxy bonded strengthening
techniques. The MBC system reached 97% of the ultimate load achieved by a 
strengthening system with vertically applied epoxy bonded carbon fibre sheets. A
significant shear strengthening effect was achieved by the presented and tested
strengthening system. Good bond and composite action between the concrete beam
and the strengthening system was obtained. The mineral based bonding agent did 
provide such excellent anchorage that fibre rupture in the utilized CFRP grid was
achieved. Prior to final failure, distinguished noises where recorded from the 
strengthening system which is explained by local failures of the grid structure. The 
ultimate failure load was increased with the increase of carbon fibre amount in the grid.
Using a grid with small distance between the CFRP tows generated a higher first 
visible shear crack load. 
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Considering the beams with steel shear reinforcement the failure mode for the non
strengthened reference beam with internal stirrup distance of 250 mm was altered from 
a presumed shear failure to crushing of the concrete compression zone. This concludes
that the rectangular cross section of the beam specimens is not the best selection for 
evaluating the interaction between steel stirrups and the MBC system at the ultimate
limit state. However, by using the NSMR strengthening system the failure mode was
altered back to a shear failure. In the thesis it is shown that the use of NSMR 
strengthening increase the height of the compression zone in the concrete.

During undertaken tests, strain gauges were used for monitoring of studied beams. 
Strain gauges were applied on both steel reinforcement and CFRP grid to obtain an 
enhanced understanding of the strain distribution. Strain gauges mounted on the shear 
reinforcement indicated a decrease in strains when using the MBC system.

However, strain gauges only show strains at the gauges in discrete locations and for the
presented tests, the gauges were not able to capture maximum strains in shear span.
Monitoring of the experimental set-up using photometric measurements provided
useful and important information on the strain distribution over the shear span. 
Readings from photometric measurements and from strain gauges were in accordance.
By using photometric measurements a general overview of the strain distribution in the
shear span was obtained, including magnitude and direction of the maximum strains.

A basic analytical expression for estimating the shear resistance contribution of the
MBC system is also presented in the thesis. The basic shear resistance model is based on 
a straightforward approach on the truss model. By using this approach, relatively good
estimation for the shear bearing capacity was obtained compared to experimental
results. The proposed analytical theory is only valid for the ultimate shear bearing
capacity. A probabilistic evaluation using the experimentally obtained variations for the 
material properties was performed based on the proposed analytical theory. Here it was
shown that strengthening a concrete beam, with no shear reinforcement, decreases the 
probability of failure from safety class 1 (10-4) to beyond safety class 3 (10-6).

The presented strengthening system was not complicated to install even though the
possibility of spraying the mortar to mount the strengthening system was not evaluated
in this study. 

Future research will be focused on a more detailed analytical theory together with
finite element analysis. The bond behaviour of the MBC strengthening system will also
be addressed. Further strengthening with the use of the MBC system will be performed 
on concrete beam with a T cross section.

Keywords: concrete, strengthening, carbon fibres, FRP, CFRP, mineral based
composites, mortar, polymer, probabilistic.
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Sammanfattning

Sammanfattning

Förstärkning av betongkonstruktioner genom att limma fast kolfiber eller 
kolfiberkompositer har visat sig vara en bra metod för att förbättra bärförmågan. Det
lim som till största delen används vid denna typ av förstärkning är epoxilim. Dessvärre 
har epoxilim vissa nackdelar, så som diffusionstäthet, dålig termisk kompabilitet med 
betong och krav på skyddad arbetsmiljö. Ytterligare en begränsande faktor är kravet på
omgivande temperatur vid limning. Genom att byta ut epoxilimmet mot ett
polymerförstärkt cementbruk kan vissa av dessa nackdelar reduceras. Förstärkning av
betongkonstruktioner med polymerförstärkt cementbruk och kolfiberkompositer
benämns i denna licentiatavhandling för ”mineralbaserade kompositer” (MBC). 

Försöksresultat från förstärkning med MBC är redovisade för både förstärkning i 
böjning och tvärkraft. I dessa försök är kolfiberkompositen utformad som ett
tvådimensionellt nät med längsgående och tvärgående kolfibrer. Den första 
försöksserien med MBC-förstärkningssystemet utfördes som ett pilotförsök på 
småskaliga betongbalkar. Balkarna var förstärkta i böjning och olika typer av 
polymerförstärkt? cementbruk användes för att utröna vilket som var bäst lämpad som
bindemedel i MBC-systemet.

Totalt utvärderas 21 betongbalkar, med och utan tvärkraftsförstärkning, i avhandlingen.
vilka utsattes för fyrpunktsböjning. Betongbalkarna var 4,5 meter långa och med ett 
rektangulärt tvärsnitt (180 x 500 mm). I försöken varierades ett antal parametrar:
betongens hållfasthet , utformningen av den inre tvärkraftsarmeringen, cementbrukets
egenskaper och kolfibernätets utformning . Utöver dessa parametrar förstärktes fyra av
balkarna i böjning med kolfiberkomposit monterat på undersidan av betongbalken.
Förstärkningstekniken benämns vanligtvis ”Near Surface Mounted Reinforcement”
(NSMR) på engelska. Den inre tvärkraftsarmeringen har följande konfigurationer:
ingen tvärkraftsarmering, tvärkraftsarmering med avstånd på 250 mm och 350 mm. 

Resultaten från försöksstudien av tvärkraftskapacitet med användning av MBC på 
balkar utan tvärkraftsarmering visar på en jämförbar tvärkraftskapacitet med
epoxibaserad förstärkning. MBC-förstärkningssystemet uppnådde 97 % av brottlasten
för förstärkningssystem med epoxilimmad kolfiberväv som applicerats vinkelrätt mot 
längdriktningen på balken. En betydande förstärkningseffekt uppnåddes och fullgod
vidhäftning erhölls mellan betongbalk och MBC förstärkningssystemet. Fiberbrott 
uppnåddes i kolfibernätet för de utvärderade cementbaserade bindemedlen och 
brottlasten ökade med ökande fibermängd i kolfibernätet. Genom att använda ett
kolfibernät med ett tätare rutmönster uppträdde den första synliga tvärkraftssprickan vid
en högre belastning jämfört med ett glesare rutmönster.

Brottmoden för den oförstärkta referensbalken med tvärkraftsarmering, byglar med
s-avstånd 250 mm, var krossning i den tryckta zonen, dvs. inte ett förmodat 
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tvärkraftsbrott. Slutsatsen blir att ett rektangulärt tvärsnitt för balkarna inte är ett bra val
för utvärdering i brottgränstillståndet av interaktionen mellan tvärkraftsarmerad betong
som förstärkts med MBC. Emellertid innebar användningen av NSMR-
förstärkningssystemet att det blev ett tvärkraftsbrott i referensbalken. I avhandlingen
framkommer det att användningen av NSMR-förstärkning ökar höjden av det tryckta
området i betongen.

Töjningsgivare applicerades på både stålarmering och kolfibernät för att få en bättre bild 
av töjningsfördelningen. Töjningsgivare som placerats på byglarna visade att töjningarna
i byglarna minskade vid förstärkning med MBC. Emellertid visar töjningsgivarna bara 
töjningar i det område som givarna är placerade på och lyckades inte mäta de maximala
töjningarna i skjuvspannet. Genom att använda fotometrisk töjningsmätning kunde de
viktiga töjningsfördelningarna i spannet uppskattas. Den fotometriska
töjningsmätningen överensstämde väl med töjningsgivarnas resultat. Fotometrisk
töjningsmätning är överlägsen den traditionella töjningsmätningen eftersom hela
töjningsfördelningen i skjuvspannet kan återges. Fotometrisk töjningsmätning omfattar
storlek, riktning och maximala töjningar på ytan av det uppmätta området.

En analytisk härledning över tvärkraftsbidraget från MBC är redovisad i avhandlingen
där beräkningsmodellen är baserad på fackverksteori. Jämförelse av bärförmågan från
den analytiska beräkningsmodellen mot experimentella brottlaster gav god 
överensstämmelse. En probabilistisk utvärdering har genomförts i avhandlingen baserad
på den analytiska teorin och experimentellt uppmätta värden på materialegenskaperna.
Resultaten visar att brottsannolikheten minskar från att motsvara säkerhetsklass 1 till att
motsvara säkerhetsklass 3 vid förstärkning av en betongbalk utan tvärkraftsarmering.

MBC förstärkningssystemet är relativt enkelt att utföra manuellt på mindre ytor. I 
avhandlingen har dock inte produktionsbaserade monteringsfrågor utvärderats. Ett
exempel på en produktionsbaserad applicering av MBC system skulle kunna vara att
spruta fast cementbruket, applicera kolfibernätet och sedan spruta ett sista lager med 
cementbruk.

Framtida forskning kommer att fokuseras på en mer detaljerad analytisk teori
tillsammans med finita element-analyser. Utöver detta kommer även
vidhäftningsegenskaperna att undersökas. Vid vidare tvärkraftsförstärkning med MBC 
systemet kommer betongbalkar med ett T-tvärsnitt att användas.

Nyckelord: Betong, förstärkning, kolfiber, FRP, CFRP, polymermodifierat
cementbruk, probabilistisk dimensionering.
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Notations and symbols

Notations and symbols 

Roman letters

Description Unit

Rf r Frequency function describing resistance [-]

Sf s Frequency function describing load effect [-]

AFRP FRP cross sectional area [m2]
Af Fibre cross sectional area [m2]
As0 Cross sectional area of tensile reinforcement [m2]
As,v Cross section area of stirrups [m2]
b Beam width [m]
C Concrete cover thickness [m]
d Effective height [m]
ds,corr Effective height for repaired beam [m]

E Modulus of elasticity [Pa]

EFRP Modulus of elasticity for fibre [Pa]

Es Modulus of elasticity for steel [Pa]

Ft,max Maximal lifting force [N]
Fu Ultimate tensile force [N]
fcc Compressive strength of concrete [Pa]
fct Tensile strength of concrete [Pa]
fd Strength design value [Pa]
fy Yield stress [Pa]
fv Concrete formal shear strength [Pa]
fsv Utilized stress in shear reinforcement [Pa]
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fFRP,ult Ultimate strength of fibres [Pa]
fFRP,e Effective strength of fibres [Pa]
fFRP,dd Debonding strength [Pa]
fMBA,t Tensile strength of mineral based bonding agent [Pa]
g Permanent load [N/m]
g Failure surface [-]
G Failure function [-]
h Height of beam [m]
hef Effective height of MBC system [m]
I Moment of inertia [m4]
m Mean value

M Safety margin

Mx Moment [N/m]
Nx Normal force [N]
P Load [N]
P Probability [-]
pf Probability of failure [-]
q Distributed load [N/m]
Q Statical moment around netrutral axis [m3]
R Resistance [Nm]
R Reduction factor [-]
S Load effect [Nm]
s Distance between stirrups [m]
sFRP Distance between FRP sheets or strips [mm]
tFRP Thickness of fibres [mm]
u Displacement

w Width of fibres [m]

w Crack opening [-]

V Shear force [N]

Vc Shear resistance of concrete [N]
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Notations and symbols

VS Shear resistance of steel [N]

VRds Capacity of shear reinforcement [N]

VRd,max Compression failure in concrete due to shear [N]

VFRP Shear resistance of FRP [N]

VMBA Shear resistance of mineral based bonding agent [N]

XS Stochastic variable describing load effect [N]
XR Stochastic variable describing resistance [N]
Xd Stochastic variable describing effective height [m]

ultver
X

,
Stochastic variable describing ultimate strain in vertical CFRP
tow

[Pa]

ctfX Stochastic variable describing tensile strength of concrete [Pa]

verEX Stochastic variable describing modulus of elasticity in vertical 
CFRP tow 

[Pa]

ver
AX Stochastic variable describing fibre area in vertical CFRP tow [m2]

versX Stochastic variable describing distance between vertical CFRP 
tows

[m]

totMBAtX
,

Stochastic variable describing total thickness of mineral based
bonding agent

[m]

tMBAfX
,

Stochastic variable describing tensile strength in mineral based
bonding agent

[Pa]

z Effective height of steel reinforcement [m]

Greek letters 

Description Unit

max Maximum shear stress [Pa]

Sensitivity factor for stochastic variable [-]

Angle of steel stirrups or strengthening system [°]

Safety index [-]

m Partial coefficient considering uncertainness in model [-]

n Safety factor related to safety class [-]

FRP Safety factor related to for reducing strength in FRP [-]
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R Mean value for load carrying capacity [Nm]

Mean value

S Mean value for load effect [Nm]

s Diameter of reinforcing bar [m]

Influence of the effective height [m]

Angle of shear crack [°]

Strain reduction factor [-]

Standard deviation [-]

R Standard deviation for load carrying capacity [Nm]

S Standard deviation for load effect [Nm]

Stress [Pa]

c Stress in concrete [Pa]

s Stress in steel [Pa]

FRP Stress in fibres [Pa]
z,max Maximal lifting stress [Pa]

Standardized normal distribution function [-]

Strain [-]

C Strain in concrete [-]

s Strain in steel [-]

FRP Strain in fibre [-]

FRP,e Effective strain in fibres [-]

bond Maximum allowable strain before anchorage failure [-]

ver,ult Ultimate strain of vertical tow in the CFRP grid [-]

FRP,e FRP ratio over shear crack area [-]
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Introduction

1 Introduction

Concrete is one of the main building materials for structures and the use is widely 
spread over the world and for many purposes. The construction industry is not known
for development and technical innovations, at least not in comparison with industries
such as the car and aerospace industries. Despite this, a considerably amount of
development and innovations are carried out in construction and the society is highly
dependent on these innovations. For example, systems or products that can lower the
cost for maintenance and prolong the structural life can save a considerably amount of
our tax money.

The research and development of high performance and multifunctional construction
materials have been improved to meet up with new demands and innovations.
Advanced technologies have recently been focused on upgrading of existing structures.
The anticipated design life of steel reinforced concrete structures is frequently
shortened due to alternation of the load situation on the structure or deterioration of 
the concrete structure due to for example steel reinforcement corrosion. When
constructing new concrete structures, various techniques to protect the steel from
corroding have been developed. Some examples include providing steel bars with a 
protective epoxy coating, decreasing the concrete porosity, increasing requirements of
the reinforcement cover and cathodic protection. These methods are more successful in 
suppressing or postponing the corrosion process than eliminating it, Goodspeed and
Schmeckpeper (2001). An alternative to protecting the existing steel is to replace the 
steel with fibre reinforced polymers (FRP) rebars. They provide the same function as
the steel bars, but without the drawback of corrosion, Tighiouart et al. (1999). In 
upgrading of existing concrete structures an alternative method of repair and
strengthening with traditional systems such as widen cross section, external prestressing
etc, is to bond a non corrosive material, such as FRP, to the surface of the structure.
FRP materials have significant potential and possess three physical properties of interest
and that is; high tensile strength, low elastic modulus and elastic-brittle stress-strain
behaviour. One of the critical parameters in upgrading existing structures is the choice
of bonding material between the FRP and concrete surface, Rizkalla et al. (2003). 

Strengthening systems with the use of continuous carbon fibres in an epoxy matrix
bonded to concrete structures has proven to be successful, Fukuyama and Sugano
(2000) and Nordin (2003). However, these methods presents some important
disadvantages like the use of organic resins (especially epoxies) which gives a hazardous
working environment for the manual worker and has a low permeability, diffusion
tightness and poor thermal compatibility with concrete, Holmgren and Badanoiu
(2002). Upgrading of civil structures with mineral based composites gives a more 
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compatible repair or strengthening system with the base concrete. Mineral based
composite (MBC) is in this report used synonymously for upgrading with FRP
materials and a polymer modified cement. Consequently the use of polymer modified 
mortars should prevent some of the disadvantages with the organic resins mentioned
above.

In this thesis a new innovative strengthening system for concrete structures is presented.
This system consists of a high quality carbon fibre grid bonded to a concrete structure
with a cementitious bonding agent. The results so far are very promising. 

The assessment of the strengthening system is fairly straightforward. The surface of the
base concrete in need of strengthening are first prepared by removing the cement
laitance with a surface roughening method, e.g. sand blasting or water jetting. The 
strengthening system is applied in four steps. First, a surface primer is applied on the 
roughened base concrete surface to reduce moisture transport from the polymer
modified mortar to the fairly dry base concrete. Second, one layer of a cementitious
bonding agent is applied on the primed base concrete surface. Third, the FRP is 
applied on the first mortar layer, in this thesis a CFRP grid is used. Fourth, a second
layer of mortar is applied on top of the first layer and the FRP. A more elaborate
description is shown chapter 5

1.1 Research questions 

The research in this thesis has tried to give the answers to the following research
questions:

Can MBC systems be used for shear strengthening of concrete beams?

Can comparable strengthening effect be achieved as for externally epoxy bonded
CFRP strengthening systems?

Is it possible to derive a simple analytical equation that estimates the load carrying
capacity of MBC systems in shear? 

1.2 Aims

The all-embracing aim in this thesis has been to investigate the strengthening behaviour
of MBC strengthened concrete beams in shear. Here different material combinations
have been evaluated. Underlying aims has been to develop an analytical design model
for shear strengthening of MBC strengthen beams in shear. Additionally the goal has
been to investigate if probabilistic calculations can give a better understanding of the
strengthening process. 

1.3 Method

The general approach before the outcome of this licentiate thesis was to make small
steps towards better understanding of suitable materials to be used in the MBC system.
It was also necessary to understand the mechanical behaviour of strengthened concrete
structures. Another important issue was to find out state of the art research for similar
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Introduction

strengthening systems. The best way to confronting this was to perform a literature
study. When finding different possibilities for different materials to be used in the MBC 
system small scale tests was performed to evaluate suitable components. To get a deeper
understanding of the performance of the MBC system a larger scale on the test was
then performed. It is also important to be able to estimate the contribution of the MBC
system to the resistance of the structure. Therefore a basic analytical approach was
derived based on the findings in the literature review. By having access to experimental
result for material properties a probabilistic approach was undertaken to evaluate the
significance of the material and the proposed analytical approach.

1.4 Limitations

The work presented in this thesis does not cover all the needs in MBC strengthening.
First of all, the studies are limited to investigations of structural components and in 
particular to beams strengthen in shear. Besides this, the study regarding shear
strengthening is limited. Only few beams are tested and only one beam in each type of 
test series is investigated. No particular study of the bond behaviour for the
strengthening material has been covered in the study and in addition to this the theory
presented is considered to be quite basic. The probabilistic approach is limited to only
study concrete beam, with no steel shear reinforcement, with and without MBC 
strengthening using different grid geometries.

Despite this, the research has been extensive and many new finding have come out
from the project presented in this thesis.

1.5 Structure of thesis 

Chapter 2: Is a literature review divided in to five main sections. Mapping and
description of the materials that can be used in the MBC strengthening system
General bond issues when casting overlays or adjoining cement based elements. A 
review on existing design proposals for shear strengthening using epoxy as bonding
agent. Different strengthening designs using epoxy bonding agents. Existing 
strengthening system using cementitious bonding agents, other than the MBC
system.

Chapter 3: Describes the derivation of the analytical approach for determining the 
shear bearing capacity of the MBC system.

Chapter 4: Is showing the theoretical background on a probabilistic approach for
structural reliability.

Chapter 5: Describes the experimental set-up for the performed tests. This includes 
tensile test and mechanical properties of different CFRP grids, a pilot study on
flexural strengthened small scale concrete beams and shear strengthening using the
MBC system.

Chapter 6: Shows the most important results from all of the experimental tests
described in chapter 5. 
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Chapter 7: Evaluates the results from the experimental set-ups.

Chapter 8: Presents a probabilistic approach for the proposed analytical equation in 
chapter 3. This includes assigning the different parameters with stochastic variables.
Most of these variables are gathered from the experimental results described in
chapter 6. 

Chapter 9 clarifies the outcome of the thesis with a discussion and general
conclusions.

Suggestion for future research is shown in chapter 10.

All of the tests performed on the material properties are recorded in appendix A.

Monitoring set-ups for all shear strengthened concrete beams are recorded in 
appendix B.

The calculations for the evaluation of the studied design proposals in chapter 2 are
recorded in appendix C.
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2 Literature review

The main ambition of the literature review is to clarify the state-of-the-art of the
materials used here as cement based binding materials. Further, the literature review
also addresses factors that influence the bond between cementitious bonding agent and
base concrete. In addition, some of the existing theoretical models in the literature to 
calculate shear bearing capacity of externally strengthened concrete structures with
FRP composites are presented. Furthermore, at the end of the literature study, a variety
of strengthening systems using both epoxy and cementitious bonding agents are shown.

2.1 Introduction

2.1.1 Concrete deficiencies 

Demand has increased in recent years on the rehabilitation and renewal of aged and
deteriorated civil concrete structures. Other possibilities to deal with heavily
deteriorated structures can be replacement or placing restrictions on the use of the
structure. However, deterioration of infrastructure elements can enlighten the
imperative need for effective rehabilitation techniques with low material and
maintenance costs and short installation time. The cause of worldwide deterioration of 
infrastructure elements depends on a variety of factors, including time dependent
material degradation, fatigue damage, initial use of poor materials and flaws in design.
In cold temperate areas the use of de-icing salts has severely affected the life of many 
infrastructures. Many developing countries must enhance the needs of upgrading and
retrofitting existing concrete structures beyond the original design limits due to rapid
increase in the population, higher demands on logistics, etc. Figure 2.1 shows a railway
arch bridge over the Frövi River in Sweden that has been strengthened due to concrete
deficiencies and higher load requirements. 
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Figure 2.1. Bridge in need of strengthening, the crack in the right picture is exaggerated in 
black to emphasize the propagation of the crack, photo by Håkan Johansson.

Another problem in some parts of the world is to immediately find solutions to
reinforce old concrete structures that are most susceptible to seismic damage. The
estimated need for infrastructure construction and rehabilitation in Asia alone is almost
US $2 trillion in the early twenty-first century (Lee et al., 1999). In the United States,
$80 billion is estimated for the repair of current deficiencies in civil infrastructure. In 
Sweden, between 15-20 billion SEK is required for repair and rehabilitation of existing
structural population, according to Swedish construction industries. 

2.1.2 Upgrading methods 

There exist various types of deficiencies in old existing concrete structures. Deficiencies
associated with visual inspection of concrete can be: 

- Construction faults (exposed reinforcing steel, honeycombing)

- Cracking (surface, depth, width)

- Disintegration (peeling, scaling, weathering)

- Distortion or movement (buckling, settling, tilting)

- Erosion (abrasion, cavitations)

- Spalling (popouts, spall)

There are several different measures to prolong the service life of deficient concrete
structures, such as concrete renovations, i.e. corrosion-protection, repair and fine fillers, 
concrete protection, i.e. coatings and priming, injection, i.e. space fillings for cracks and
cavitations and upgrading systems, i.e. a variety of techniques to strengthen concrete
structures including different fibres such as glass, carbon and aramid with or without
matrix. The geometry of the fibres can differ from sheets, plates, rods and textiles,
which are bonded to the concrete with epoxy resins or mineral based binders. 
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2.1.3 Sustainable upgrading

An important aspect in upgrading existing concrete structures is the compatibility of 
the strengthening material and existing concrete. The disadvantages with strengthening
systems using epoxy resins as a binder between the FRP and the base concrete is that
epoxy has low permeability, poor thermal compatibility with the base concrete and
does not respond well to volume changes in the base concrete (Mirza et al., 2002). It is 
therefore desirable to substitute epoxy resins with cement-based mortars that have
better compatibility with the base concrete. By using a cementitious bonding agent to
adhere high strength fibre materials to concrete structures a more compatible
strengthening system can be obtained. The cementitious strengthening system in 
Wiberg (2000) utilizes cementitious bonding agents to adhere dry fibres to the base 
concrete. This strengthening system reaches 65% of the load carrying capacity of an
epoxy resin system containing the same amount of fibres. 

One of the limiting parameters in the current development stage of mineral based 
composites is the bond between the fibres (composite) and the cement matrix. Two 
methods to improve the bond between the fibres and the cement matrix can be 
(Holmgren and Badanoiu, 2002): 

- Develop the performance of the complex binder with Portland cement with
polymer and silica fume additions (Polymer and silica fume modified mortars).

- Surface treatment of the carbon fibres prior to their casting in the cementitious
composite.

2.2 Materials used in mineral based composites

2.2.1 Background

Current development of construction materials should be safe and energy saving from 
an ecological point of view. Concrete and polymer modified mortar are currently
becoming low cost, promising materials to prevent chloride-induced corrosion and
repairing damaged reinforced concrete structures. A combination of the polymer
modified mortar and FRP can be used to upgrade civil structures, which is the main
ambition in this thesis. 

One such combination is MBC, a composite material that is made by replacing part or 
all of the cement hydrate binder of conventional mortar or concrete with polymers. By
strengthening the cement hydrate binder with polymers and with the addition of
conventional FRP, the combination becomes a high performance upgrading system
(Becker, 2003). 

MBC components

Mineral based composites can be designed in various ways depending on the required
attributes of the upgrading system. The possible selection of the MBC system for
strengthening should be based upon the type of structure to be upgraded and the
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required mechanical properties. Application methods and environmental effects govern
the choice of the integrated materials in the MBC, which can be divided into mortars
and fibre composites. These two main groups will be described further in this thesis.
Figure 2.2 shows an overview of the different features and material choices that create
an MBC for a desirable upgrading purpose. 

Figure 2.2. Overview of the MBC structure. 

2.2.2 Mortar

As presented in Figure 2.2, the Mortar is divided into polymers, additives and mixtures,
which will be further described.
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Polymers

A cement modifier is a polymer or polymeric based admixture consisting of a 
polymeric compound as a main ingredient. This ingredient modifies or improves the
properties of cement mortar and concrete, such as strength, deformability, adhesion,
waterproofness and durability. The polymeric compound can be a polymer latex, re-
dispersible polymer powder, water soluble polymer or liquid polymer. The polymer
based admixtures are called polymer modified mortar (PMM) and polymer modified 
concrete (PMC). Compared with ordinary cement mortar and concrete, the properties
of polymer modified mortar and polymer modified concrete depend greatly on the
polymer content or polymer-cement ratio rather than the water-cement ratio (Ohama,
1998). However, the influence of the polymer modification on the short-term flexural
strength at high relative humidity is limited (Van Gemert et al., 2005). When dry 
curing is immediately introduced, a polymer film starts to build up through the binder 
phase. The flexural strength is increased with increasing polymer to cement ratio until a 
certain limit, which is described in further on in the thesis. The strength development 
will be optimal if the curing condition starts with a wet curing period, followed by a 
dry curing period. Higher final flexural strength will be obtained if a longer moist and
water curing period (up to 28 days) is provided and if shrinkage is prevented (Beeldens
et al., 2003). 

The classification of polymer-based admixtures can be divided into four main types:
Polymer latex or polymer dispersion, redispersible polymer powder, water-soluble
polymer and liquid polymer. This is, however, not dealt with in this thesis and can be 
further studied in (Wagner, 1965), Schweite et al., 1969), Wagner and Grenely, 1978,
Beeldens et al., 2003 and Ohama, 1998). 

Mixtures

Water to cement ratio 
(Schulze, 1999) investigated the influences of water to cement ratio and cement
content on the properties of polymer modified mortar. In all of the experiments,
portland cement CEM 1 32.5 R and the sand mixture according to DIN EN 196 was 
used, the sand content was always adjusted to reach 100 parts. The following additives
were used in the study: 

- Redispersible powder Vinnapas LL 512 (Styrene/acrylic powder of Wacker 
Polymer Systems, Burghausen, Germany)

- Shrinkage reducing agent 2,5-dimethylpropanediol (BASF) 

- Wetting agent Emulan OG (BASF) 

- Defoamer Agitan P803 (Münzing)

- Fly ash (EFA-filler, Keller Dortmund) 

- Microsilica (Elkem) 
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The study shows that the compressive strength decreases with increasing water cement
ratio, and that the cement content is of minor influence. A higher cement content and 
higher water cement ratio induce increased shrinkage and water absorption. The 
flexural strength is nearly independent of the water to cement ratio and cement content
in unmodified mortars at water to cement ratios of 0.4-0.6. This contradicts some
previously published work, e.g. (Wendehorst, 1992), but confirms other data, e.g. 
(Beton, 1990). The flexural strength in polymer modified mortars is increased in 
comparison to the unmodified mortars. There is only a small increase of the flexural 
strength with a decreasing water to cement ratio at a constant cement level in the
formula. However, there is a distinctive increase in flexural strength with decreasing
water to cement ratio when the mortar is stored in water.

Both binders in the modified mortar act in synergy. The cement acts as the inorganic
binder and is responsible for mechanical stability, such as compressive strength. The 
redispersible powder is the organic binder that acts as reinforcement and is responsible 
for the internal tensile strength as well as the adhesion bond strength at interfaces.

Polymer to cement ratios 
The polymer to cement ratio, P/C, is defined as the weight ratio of the amount of total
solids in the polymers to the amount of cement in the modified mortar or concrete
mixture (Ohama, 1995). 

Compared with ordinary cement mortar and concrete, the properties of polymer
modified mortar and concrete depend more on the polymer content or polymer to
cement ratio than the water to cement ratio. A polymeric compound modifies or 
improves the properties, such as strength, deformability, adhesion, workability,
waterproofness and durability of cement mortar or concrete (Ohama, 1998). Further, 
the addition of polymers increases the resistance to the freeze-thaw cycle and gives
better protection against environmental stresses (Ohama, 1994). 

Three-point bending tests show that the maximum load is fairly constant for mortars
with a P/C ratio 7.5 wt.% or lower. Flexural strength increases with a further addition
of polymers, where the P/C ratio is between 10 to 15 wt.%. A P/C ratio higher than
15 wt.% decreases the mechanical strength (Pascal et al., 2004; Van Gemert et al.,
2005). The improvement of the tensile and flexural strength for polymer modified
mortars with latex rubber is explained by the formation of continuous polymer
networks within the mortar at P/C ratios higher than 10 wt.% (Justnes and Oye, 1990).
Similarly, the retardation of cement hydration is compensated by the presence of the 
polymer film, which influences the flexural strength (Van Gemert et al., 2005). 

Additives
The addition of different polymers enhances the properties of ordinary portland 
cement. However, there are also a number of chemical admixtures, such as water
reducing agents, ashes, aluminosilicate, superplasticizers, etc., that further improve the 
quality of mortar and concrete. Other ways to improve the performance of concrete
and mortars can be by adding reinforcing fibres. All of the above mentioned

10



Literature review

improvements can enhance strength, shorten setting time, decrease autogenously
shrinkage, control alkali aggregate reaction, reduce the risk of chloride induced 
corrosion of embedded steel, improve the durability, etc. (Li and Ding, 2003). 

To increase the fluidity of fresh mortar and concrete for pumping, increasing the 
strength and prolong the durability of hardened mortar and concrete, a small quantity
of superplasticizers are often added into the mortar and concrete mixture.

Superplasticizers
Portland cement mortar and concrete have many insufficiencies in the fresh and
hardened states. Commonly used mortar and concrete often exhibit segregation,
bleeding, high surface tension, prohibitive air entrainment, early loss of workability and 
rough surface texture in the fresh state (Stroeven and Hu, 2004). Furthermore, mortar 
and concrete require additional water or moist curing for consistent growth in strength,
which is both costly and time consuming. Ordinary mortar and concrete have low 
tensile flexural strength, modulus of rupture, toughness and energy absorption capacity,
high porosity and high permeability. The addition of water based polymer emulsion or
latex of copolymer in mortar and concrete systems improves many of the deficiencies
described above. The mobility of latex improves cohesion and reduces the chance of
bleeding, but entraps a high percentage of air that has a significant influence on the
compressive strength. The film and filament formation of latex in the cement matrix
stitches the opposite sides of the voids present in the cement matrix. This increases the
flexural tensile strength and toughness (Isenburg and Vanderhoff, 1974).

Another type of low molecular-weight water based polymer is the superplasticizers,
which are primarily surface active agents that allow a large reduction of the water
content without loss of workability. Some superplasticizers can loose entrained air and
control the setting time or hardening process without other side effects (Hewlett,
1988). However, the single application of some superplasticizers can develop
complications in the form of excessive bleeding, segregation and early loss of
workability. Using them in combination with latex polymers could minimize these 
complications.

There is often a compatibility problem between superplasticizers and the modified
mortar or concrete. The choice of polymers and superplasticizers to be added to the 
portland cement is therefore of great significance (Ray and Gupta, 1994, 1995). 

11



Reinforcing fibres 
It is very important to obtain high performance mortars for utilization in special
applications, such as shotcreting, upgrading or mining. The incorporation of fibres in
cement based compounds can be either

- Chopped or milled fibres 

- Continuous fibres 

Continuous fibres are more expensive and not easily mixed into the cement matrix.
Chopped or milled fibres have less mechanical efficiency compared to continuous
fibres. Different types of fibres can be used, such as steel, glass, carbon, polypropylene
and natural fibres (Groth, 2000; Cuypers et al., 2006; Garcés et al., 2005; Agopyan et al.,
2005). Drying shrinkage can be reduced by adding fibres in cement based materials. 
However, incorporating fibres in the material will generally reduce the compressive
strength, thus increasing the permeability (Gutiérrez et al., 2005). These insufficiencies
can be bridged through the use of supplementary materials that will lead to a
densification of the concrete or cement matrix. In the case of polypropylene
reinforcing fibres, a suitable proportion of 2.0% is recommended; with an addition of
0.5% melamine formaldehyde dispersion, the recommended proportion of 
polypropylene fibres is 1% for both the bending and compressive strength (Santos et al.,
2005). Adding silica fume will also improve the mechanical properties, such as 
compressive strength and flexural strength for cement matrices with steel and glass
fibres. Incorporating silica fume will generally improve the water absorption properties
due to a reduction of permeable voids (Gutiérrez et al., 2005). Durability problems can 
occur if the porosity of the concrete or mortar is increased. The increase in porosity
will increase the chloride penetration, which is a disadvantage if steel is incorporated in 
the concrete or mortar. When incorporating carbon fibres into the mortar a content of 
0.5% of cement weight will give an optimum increase in flexural strength (general
purpose pitch based carbon fibres) (Garcés et al., 2005). Again, a substitution of
ordinary Portland cement with silica fume will increase the flexural strength as the
reduction of porosity.

In the case of continuous fibres the load bearing capacity and crack loads are highly
dependent on the design of the fibre bundles and the fibre material itself. A study on 
mechanical properties for glass and carbon yarn reinforced mortar was performed in 
Langlois et al. (2005). Their study showed the effectiveness of the yarns, where the 
most significant difference was between the glass yarn and carbon yarn, with glass fibre
yarn having the best effectiveness. The study also indicated that the glass yarn samples
had better penetration and bond to the mortar matrix. Still, the carbon yarn 
incorporated specimens had better strength over time when compared to the glass yarn
reinforced mortars.

12



Literature review

2.2.3 Composites

A composite material is defined as a material composed of two or several materials,
with an identifiable contact stratum (contact surface) in between the materials. The
most common fibre composites consist of polymer fibres in matrices and additives.
Different types of fibres consist of different materials, such as aramid, glass and carbon.
The choice of material depends on the desirable properties of the composite. The main 
function of the matrix is to transfer forces between fibres, since they cannot transmit
forces in between themselves, and to a lesser degree protect the fibres from 
environmental strains. The properties of the composite can be enhanced with the
addition of additives, e.g. improve the bond between the composite and the 
strengthened material, sizing (Paipetis and Galiotis, 1996). Fibre composites are further 
described below. It should be mentioned that the fibres do not necessarily need a
matrix when strengthening with cement based bonding agents. The cement based
bonding agent then becomes the surrounding matrix (Wiberg, 2003; Mobasher et al.,
2006; Holler et al., 2004). 

Fibre

The appellation fibre reinforced polymers (FRP), is used in civil engineering to 
describe a material with long (continuous) or short fibres held together and united by a
polymer matrix. The mechanical properties of the composite material are determined
by the properties of the fibres, matrix and contact stratum together with the orientation
of the fibres. Fibre materials often consist of carbon, glass or aramid fibres, or 
sometimes a combination thereof. These fibres have higher failure strength than steel
and are linearly elastic until failure; see Figure 2.3. The fibre amount for an FRP is in
the range of 35-70%, depending on the choice of material and production process of 
the composite.

0 1 2 3 4 5
Strain [%]

0

2000

4000

6000

S
tre

ss
[M

P
a]

Steel bar

Steel tendon

Glass
Aramid

Carbon
HS

Carbon
HM

Figure 2.3. Properties of different fibres and typical reinforcing steel. HS stands for High
Strength and HM for High elastic Modulus, (Carolin, 2003).
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Carbon fibre 
Carbon fibres were developed in Great Britain in the search for a stiff, strong and
lightweight material. Carbon fibre, which is an inorganic fibre, is manufactured in
bundles of about 1-5·104 individual fibres with a diameter of 5-15 m. Two main
production processes are needed to manufacture carbon fibre, with the raw material
differentiating the two processes. The best and most costly carbon fibres are
manufactured of polyacrylnitrile (PAN). These are also the most current fibres for load 
carrying purposes with a high modulus of elasticity 200-800 GPa and ultimate 
elongation 0.3-2.5%, where the stiffer fibre has the lower elongation. Carbon fibres do
not absorb water, are resistant to many chemical solutions, do not corrode and
withstand fatigue very well. Carbon fibre is electrically conductive and might result in
galvanic corrosion in direct contact with steel. 

Glass fibre 
Glass fibre is an inorganic fibre manufactured using melted glass compressed through an
opening with a diameter of 1-3 mm and then extended to give the fibre a thickness of 
3-20 m. The glass fibres can have a modulus of elasticity in the range of 70-85 GPa 
and an ultimate elongation of 2-5% depending on the quality. Glass fibres are sensitive
to moisture and alkaline environments, but are protected with the correct choice of
matrix (alkali resistant AR).

Aramid fibre 
Aramid fibres are mostly known from the brand name Kevlar. Aramid is used in things
such as bulletproof garments, sails or products where high energy absorption is needed.
The aramid fibre is an organic fibre manufactured from a solution with aromatic
polyamide. The diameter of the fibres are 10-15 m and the modulus of elasticity
ranges from 70-200 GPa, with an ultimate elongation of 1.5-5% depending on the 
quality. Aramid fibres are sensitive to high temperatures, moisture and ultra violet 
radiation, and are therefore not suitable for all applications in construction industries.

Matrix

The purpose of the matrix material is to bind the fibres and transmit and distribute
shear forces between the fibres, giving them environmental protection. It is important 
for the matrix that fibre polymer composites used in concrete withstand and protect the
fibres from the alkaline environment in the concrete. Fibre composites used in the 
construction industry probably contain a matrix of thermosetting resins, which can be
vinylester, epoxy or occasionally polyester. The properties of these matrix materials are 
shown in Table 2.1. The favourable matrix is considered to be epoxy. Epoxies have
good strength, bond, creep properties and a very good chemical resistance.
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Table 2.1. Properties for different matrix materials, after (Betongrapport nr 9, 2002) 

Material Density
[kg/m3]

Tensile strength
[MPa]

Tensile modulus
[GPa]

Failure strain 
[%]

Polyester 1000-1450 20-100 2,1-4,1 1,0-6,5
Epoxy 1100-1300 55-130 2,5-4,1 1,5-9,0

Vinylester 1120 80-90 3,2 4-5

Geometry

The fibres can be placed in different directions in the composite and thus form a large
amount of FRP geometries with different mechanical properties. If the fibres are placed 
in one direction the FRP becomes unidirectional, though the fibres can also be woven
or bonded in many directions, thus creating a bi or multi directional FRP. Table 2.2 
shows different geometries for composite strengthening materials, which can of course
also be 3D geometries. Depending on the type of fibre used, the FRP material can be 
referred as CRFP (Carbon Fibre Reinforced Polymer), GFRP (Glass Fibre Reinforced
Polymer) and AFRP (Aramid Fibre Reinforced Polymer) (Täljsten, 2002). 

Table 2.2 Different geometries for composite materials 

Mono-axial Biaxial Triaxial Multi-axial
1

Dimensions
Pultruded rod - - -

2
Dimensions

Sheet Plane Weave/grid Triaxial
Weave/grid

Multi-axial
Weave/grid

Pultruded Rods
Pultruded rods are typical unidirectional FRP, i.e. the fibre orientation is in the length 
direction of the composite, and are best suitable for plane structures whose bending
moment capacity needs to be upgraded. The surface of the rod can be covered with 
quartz sand to increase the bond strength between the rod and the structure, with the
use of polymer modified mortar as a bonding material. Near Surface Mounted
Reinforcement (NSMR) with carbon fibre reinforced polymers (CFRP) is a non-
corroding strengthening system applied at the surface of a strengthened object. The 
CFRP can be tailor-made into required geometries that fulfil the purposes of the 
strengthening system. Figure 2.4 shows NSMR with a plate and a pultruded rod.
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A B

Figure 2.4 A. Pultruded rods, to the left without cover material land to the right covered with
quartz sand. B. Near Surface Mounted Reinforcement, to the left with a plate and in the 
middle a pultruded rod (Täljsten et al., 2003).

Woven fabrics 
Woven fabrics, such as sheets or weave, are commonly made of orthogonal interlacing
yarns called warp and fills. Figure 2.5 shows the structure of different types of woven
fabrics, with fill yarns being those parallel to the vertical axis and warp yarns those
perpendicular to the vertical axis in the figure. The warp and fill yarns pass over and 
under each other, resulting in every single yarn getting a crimped shape. The density of 
the fills and warps can be controlled independently of each direction during the
manufacturing of the fabric. There are many possibilities with different designs of the 
woven fabrics, from a single yarn to advanced 3D designs (Roye and Gries, 2005). 

A. Warp Knitted Weft Insertion B. Short weft Warp knitted C. Woven plain weave

D. Plain weave E. Twill weave F. Satin weave with warp 
passing over four fill yarns

Figure 2.5 The structure of different types of woven fabrics. A, B and C from (Peled and
Bentur 2003),D, E, F from (Peled et al., 1994).
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The penetrability of the bonding material, polymer modified mortars or epoxies, into 
the fabric is affected by the density of the warp and fill yarns, i.e. higher density leads to 
lesser penetrability. 

The crimped geometry of the individual yarn, or fibre, is expected to reduce the 
reinforcement efficiency compared to a straight yarn and may lead to stress
concentration in the bonding material. However, in polymer modified mortars the 
crimped geometry of the individual yarn might be advantageous, since it may provide
mechanical anchoring. The interlacing between the warps and the fills in the fabric
may develop a frictional resistance at their contact points (Peled et al., 1998). 

Grids
The main difference between a grid and a fabric or sheet is that the grid is not woven.
Grids can also be called meshes and nets. To produce a grid the continuous fibres are
braided or bundled into shape and then impregnated with a resin. Grids can be 
manufactured in a large variety of geometries, from dense meshes for reinforcing boards
and panels to reinforcing nets for slabs. The advantages of grids are that they have
higher mechanical properties than consolidated woven fabric and smoother, better 
surface aspects. They are also considered to be highly thermo-formable. Figure 2.6
shows biaxial and triaxial grids. Grid geometries can also be introduced as a substitute
to steel reinforcement of concrete structures in certain situations. FRPs are non-
corrosive, magnetically neutral and have a high strength to weight ratio (Zhang et al.,
2004).

Figure 2.6 Biaxial grid (to the left) and a triaxial grid (to the right), (Han and Tsai, 2003).
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2.3 Bond

2.3.1 Introduction

One of the limiting and important parameters when applying repair and strengthening
systems to an existing concrete structure is the bond between the substrates. Poor bond
strength will propagate according to the familiar “rule of the weakest link” and 
decrease the overall performance of the repair or strengthening system. Generally, bond
strength problems can arise in two transition zones:

- Between the base concrete and the applied strengthening system, including 
possible primer

- If the structure is strengthened with additional FRP (e.g. grids, sheets, etc.),
there will be a problem with good bonding in the transition zone between the
FRP and the mortar.

The focus in this chapter is on the bond strength in the transition zone between the
base concrete and the strengthening system. Figure 2.7 shows bonding failures between
base concrete and polymer modified mortar for beams in four-point bending tests.

Figure 2.7. Bonding failures in the transition zone between the base concrete and polymer
modified mortar.

Compatibility between the base concrete and the repair material or strengthening
systems is another aspect that influences bond strength. In this case, compatibility stands 
for the combination of properties that ensure the structural integrity of the combined
repair or strengthening system.

Incompatibility in the modulus of elasticity between the base concrete and the repair or 
strengthening material may affect the performance. In particular, if the load is applied
parallel to the bond line of the combined system the lower modulus material will have 
greater deformations and transfer the load through the interface to the higher modulus
material (Mangat and O’flaherty, 2000a). If the load bearing capacity of the material or
the bond at the transition zone is exceeded by the transferred load, failure will occur. It 
is recommended that the modulus of elasticity of the repair or strengthening material
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be at least 30% larger than the modulus of elasticity for the base concrete (Mangat and
O’flaherty, 2000b). Hassan et al. (2001) compare the compatibility of different repair
mortars. The base concrete was cast as a cylinder with a height of 300 mm and a 
diameter of 150 mm. Five different repair mortars were evaluated – ordinary Portland 
cement (OPC), OPC mortar with 30% fly ash (FA), OPC mortar with 10% silica fume
(SF), a polymer modified mortar (PMC) and an epoxy resin mortar (EP). Figure 2.8 
shows the test set-up for evaluating the modulus of elasticity, and the recordings are
found in Table 2.3. 

Base concreteRepair mortar

Figure 2.8. Test set-up for repaired 
specimens (150 mm diameter cylinder), 
after (Hassan et al., 2001).

Table 2.3. Modulus of elasticity, (Hassan
et.al., 2001).

E,
Individual

[GPa]

Ea,
Combined

[GPa]
Base

concrete
31.8 -

OPC 32.3 32.3

FA 28.6 33.7

SF 31.4 32.7

PMC 41.4 38.6

EP 13.2 20.6
a Measured average

The recorded moduli of elasticity for the cement based mortars are rather similar to the 
modulus of the base concrete. The polymer modified mortar has a 30% greater 
modulus than the base concrete. The modulus of epoxy mortar is 36% less than that of 
base concrete. The base concrete is forced to deform more during the load application
due to the high bond strength of the epoxy mortar. This will lead to an early concrete
fracture and the combined system will therefore fail. 

Another parameter that influences the compatibility of the combined repair or 
strengthening system is drying shrinkage. Because of the tendency of the fresh repair or 
strengthening material to shrink, the older base concrete acts as a rigid foundation that
restrains these movements. These differential movements cause tensile stresses in the
repair or strengthening material and compressive stresses in the base concrete. Creep in 
this sense can be an advantage, since it releases parts of the stresses. Stresses accumulate
as the shrinkage continues; if the tensile strength or the interface bond strength is
exceeded failure occurs. Shrinkage incompatibility is more associated with cement 
based mortars, whereas polymer modified mortars show better shrinkage compatibility
and epoxy mortars prove to have the best shrinkage compatibility (Hassan et al., 2001). 
General shrinkage and difficulties followed by shrinkage are further discussed in chapter
2.3.4.
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2.3.2 Test methods 

Bond strength can present a weak link in a repair or strengthening system. It is
therefore important to measure the bond strength in a chosen system. However, the
measured bond strength is greatly dependent on the test method. Bond strength
readings can also be influenced by instrumental parameters, such as load rate and
apparatus, which in turn lead to scattering in between values of different devices, e.g.
pull-off testing (Bonaldo et al., 2005). Further, the measured bond strength may 
significantly overestimate the true strength of the designed repair or strengthening
system. Bond strength generally depends on the following factors:

- Adhesion in interface

- Friction

- Aggregate interlock 

- Time-dependent factors

Each of the above factors can in turn be dependent on other variables. Interface 
adhesion depends on the applied bonding agent and the surface condition of the base
concrete, e.g. cleanliness, moisture content, primer, surface roughness, absence of
laitance, micro cracks, age, etc. Friction and aggregate interlock mainly depend on 
aggregate size, aggregate shape and preparation of the surface. Aspects such as chemical
reactions, environment and impact can be time dependent.

Existing methods to determine the bond strength of repair or strengthening systems can
be divided into three categories (Mays, 2001; Momayez et al., 2005). 

- Tension stresses

- Shear stresses

- Combination of shear and compression stresses

Figure 2.9 shows a simplified description of test methods for each category. Pull-off,
direct tension and splitting fall into the category tension stresses. Pull-off tests involves 
coring through the repair material and base concrete, after which the core is then 
subjected to a tensile force. In the splitting tests the test specimen, cylindrical or
rectangular, are subjected to longitudinal compressive loading that splits the specimen
into two halves. Direct shear methods, such as Bi-Surface shear (Momayez et al., 2005), 
and torsion-shear methods, such as torque tests, are typical for the category shear stresses.
In the bi-surface tests steel plates are used to transmit a shear force along the bonded
surface. The torque test involves drilling a core and fixing a gripping device that
subjects the specimen to torsional-shear stresses (Naderi, 2005). The third category 
combines shear and compressive stresses, the most common tests are the slant shear tests
(Momayez et al., 2005). Slant shear tests involve square prisms or cylindrical samples 
made of two identical halves bonded at a certain inclination, i.e. 30°. The specimens
are then subjected to an axial compression that induces normal compressive stresses and
shear stresses. An important feature when choosing the correct bond strength test
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method is that the state of stress should represent the stresses that the structure are 
subjected to in real situations. A comparison of different bond strength values obtained
through the use of different test methods is recorded in Figure 2.10. The tests were
performed in Momayez et al. (2005) and the significant differences in obtained ultimate
strength values are evident. The obvious reason, as mentioned above, is that the
different test methods measure different bond strength properties. Note that the slant
shear tests give 7-8 times higher ultimate strength values than pull-off tests. The bi-
surface shear test gives approximately 2 times higher ultimate bond strength compared
to pull-off tests. It is therefore important to stress the fact that the right bond strength
test method has to be chosen to represent the current in-situ situation. The bond 
strength is also dependent on roughness of the transition surface between the base and
repair material. 

a) Pull-off b) Splitting prism c) Direct shear
(Bi-surface)

e) Slant shear

Repair material

Base concrete

d) Friction-transfer
(Torque)

Figure 2.9 Different methods of determining bond strength.
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Figure 2.10. Different bond strength values obtained using pull-off, splitting prism, bi-surface
shear and slant shear test methods, after (Momayez et al., 2005).

2.3.3 Bond enhancement

There are several surface preparation measures to rough the surface of the base
concrete, such as sandblasting, chipping with jack hammers, grinding, hydro-jet
blasting, needle gunning, etc. (ACI Committee 549). Rough preparation of the surface
leads to better bond strength (Momayez et al., 2005). 

Another factor that mainly influences bond strength quality is the use of primers (bond
coatings). The composition of existing primers is numerous, but the most common
primers consist of ordinary Portland cement, sometimes with the addition of silica
fumes, fly ash, polymers, etc. Epoxy resin based primers are also used as a link between
the repair or strengthening mortar and the base concrete, as well as a modifier of the 
mortar (Saccani and Magnaghi, 1999). Fly ash modified primer gives a significant
increase of the bond strength and improvement in the microstructure, thus leading to 
an increase of the intermolecular force and mechanical interlocking (Xiong et al.,
2002). Bond strength also increases for cement primers with the addition of silica
fumes, up to a content of 7%. Any contribution beyond this level is negligible
(Momayez et al., 2005). 

Existing mechanical roughening methods only increase the macro-roughness of the 
base concrete surface. In turn, this will limit the increase of specific surface of the base
concrete. Etching with hydrochloric acid has further enhanced the bond strength
(Xiong et al., 2004). Etching the surface of the base concrete with a hydrochloric acid 
for 5 minutes (consistency 5%), combined with a cement primer (0.4:1:1; water-
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cement-sand), increases the bond strength by 13.8% compared with using only mortar 
primer. Using the same etching procedure but combined with a fly ash modified
primer (0.4:1:1:0.15; water-cement-fine-sand-fly ash) increased the bond strength 9.8% 
compared to using only primer. 

Further, if the bond between a cementitious bonding agent and carbon fibre reinforced 
polymers are in need of enhancement, ozone treatment is a possibility. The surface
oxygen concentration increases and changes the surface oxygen from C-O to C=O. 
This treatment will increase the bond strength between fibre and cement matrix (Fu et
al., 1998). The bond strength will further increase if the surface of the carbon fibres is 
treated with silane (Xu and Chung, 2001).

2.3.4 Shrinkage

The curing and environmental conditions are important factors that govern the service
life strength as well as the performance of concrete structures and that of repaired or 
upgraded concrete structures with the use of an overlay, i.e. strengthening concrete
structures with the use of cementitious bonding agents as described in chapters 2.5 and
5. The curing conditions and especially shrinkage are significantly influenced by the 
surrounding environment, such as temperature, relative humidity, in-situ rainfall and 
wind velocity. Another influencing factor is, of course, the composition of the
materials used for the structure. Casting an overlay and thus adjoining a fresh material
onto an older structure can result in durability problems such as cracking and de-
lamination along the transition zone between the two materials. These occurrences are 
mostly dependent on differential movements, i.e. volume changes, between the base
concrete and the overlay caused by shrinkage, temperature variations or both, poor 
workmanship or external loads (Bolander and Berton, 2004). Differential shrinkage is 
generally considered to have the most significant critical influence on the service life 
performance of composite members (Beushausen and Alexander, 2005). Tensile stress 
relaxation or creep plays an important role in the stress development in overlays, as
mentioned in chapter 2.3.1. This chapter will briefly discuss the shrinkage mechanisms
with a suggestion on how to calculate peeling and shear stresses in an overlay. 

Shrinkage mechanisms 

When considering shrinkage in overlay composite systems, the movements from the 
newly cast overlay will be restrained or impeded by the older base concrete. If these
restraint stresses attain the resistance strength of the overlay, cracks will be initiated and
then propagate through the overlay. Figure 2.11 shows the critical effects of restrained
shrinkage in the form of cracks and problems that can occur near the free edges. The
latter refers to the shrinkage stress fields near the free edges that may initiate lifting or 
peeling forces, thus forcing the overlay to separate from the base concrete, an
occurrence that is also known as edge-lifting or curling; see Figure 2.11. Shrinkage 
mechanisms will first be briefly addressed, followed by a short introduction on how to 
calculate stresses at the free edges due to shrinkage. Generally shrinkage is divided into 
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three groups depending on the age of the member, viz. plastic shrinkage, autogenous
shrinkage and drying shrinkage. 

Figure 2.11. Critical effects of shrinkage for a bonded overlay inducing cracks and edge-lifting,
modified after Carlswärd (2006). 

Plastic shrinkage 
Plastic shrinkage occurs within a few hours after casting and is highly dependant on the
evaporation conditions and thus the evaporation rate, which in turn causes volume 
changes. As the plastic shrinkage increases, the new concrete hardens and leads to a
considerable reduction in strain capacity. Cracks will occur when the shrinkage exceeds
the strain capacity. The probability of cracking depends on the shrinkage rate and the
strain capacity development. The easiest way to reduce plastic shrinkage is to retain the 
water evaporation by covering or adding water. Another way of controlling plastic
shrinkage cracks is to reinforce the concrete or mortar with fibres. By using randomly
distributed fibres of steel, polypropylene, nylon, etc., bridging forces that prevent or 
limit cracks can be obtained (Grzybowski and Shah, 1990; Qi et al., 2003; Song et al.,
2005; Banthia and Gupta, 2006). Plastic shrinkage can be reduced by controlling the
admixture or adding superplasticizers and shrinkage reducing agents (SRA) (Al-Amoudi
et al., 2006; Bentz et al., 2001). Note that the plastic shrinkage strain is increased with 
an increasing dosage of silica fume (Kockal and Turker, 2007). 

Autogenous shrinkage
A macroscopic volume change occurring with no moisture transfer to the surrounding
environment is called autogenous shrinkage, referring to the chemical process of
cement binding water in cement paste or concrete. Autogenous shrinkage in the
hardened stage is related to self-desiccation as the cement tries to obtain extra water
from the pore cavities. This process is highly dependent on the type of cement and 
temperature (Bentz et al., 2001). Autogenous shrinkage is usually a concern in high 
strength or high performance concrete (> 40 MPa), where there is a low water-to-
cement (w/c) ratio (Holt, 2001). Autogenous shrinkage can be reduced through the
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use of SRA. In Rongbin and Jian (2005), a decrease of up to 48% in autogenous 
shrinkage was obtained compared to the reference concrete.

Drying shrinkage 
Drying shrinkage is foremost a consequence of cement paste contraction when water
leaves the pore system. The most important concrete or mortar mix components that
affect the drying shrinkage are the amount of water per volume of concrete or mortar
and the cement content (Al-Saleh and Al-Zaid, 2006). The internal relative humidity
(RH) in the pores is therefore of utmost significance. Shrinkage at high RH values will 
primarily be dependent on the evaporation of free water from the capillary pores in the
cement gel, accounting for RH values from 45 to nearly 100% (Carlswärd, 2006; 
Rongbin and Jian, 2005). If the RH values are lower, shrinkage will mostly depend on 
the removal of adsorbed water from the pore walls. Generally, it is the first time 
shrinkage that involves the most trouble for concrete structures; with varied saturation
and drying, both swelling and shrinkage are smaller than the first time shrinkage. As
mentioned before, consequences come in the form of cracks, de-lamination or edge-
lifting/curling.

2.3.5 Shrinkage stresses that induce debonding

This chapter will briefly describe the influence of shrinkage stresses that can induce
critical debonding of an overlay cast on an older base concrete member. An assumption
of the distribution of normal and shear stresses caused by shrinkage of an overlay in the
transition zone between the overlay and an older concrete member is recorded in
Figure 2.12. Critical areas, considering de-lamination and curling, when casting an
overlay arise in the vicinity of the free edges as the normal stresses are transferred from
the overlay to the base concrete. The normal stress in the overlay develops as with pre-
stressed tendons. Pre-stressed tendons require a certain length to develop full pre-stress, 
as the normal stress does in the overlay develops, with zero normal stress in the ends 
reaching a constant value at a certain distance from the edge, lt. In the transfer zone 
where normal stresses are generated and developed to a constant value, shear stresses
arise in the interface between the overlay and base concrete. If the tensile strength is 
reached and a crack appears in the overlay a similar situation will arise around the edges
of the crack.
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Figure 2.12. Proposed distribution for normal stress in the overlay and shear stresses in the 
transition zone, after Carlswärd (2006). 

It is important to approximate the bond shear stresses and the edge-lifting force due to 
shrinkage, especially when mounting thin strengthening systems. A prediction method
on how to calculate these relations for a simple supported composite beam is presented,
as suggested by Jonasson (1977, 1978) and further clarified by Carlswärd (2006).
Normal far field stresses, x, normal force, Nx, and subsequent stresses, z

(vertical/tensile stress in Figure 2.13) and xy (shear stress acting along the transition
zone), influencing the bond in the transition zone near the free ends are recorded in
Figure 2.13. 
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Figure 2.13. Composite relations with edge lifting stresses and shear stresses in the transition
zone near free ends of an overlay (z=-h/2+ h). All the effects of normal stresses, z, at a 
distance of l from the support (Jonasson, 1977; Carlswärd, 2006).

Some of the parameters in the relations on predicting the stresses described above need
to be quantified. By using FE analyses on overlayed beam ends, (Jonasson, 1977)
quantified the parameters l, x1, x2, z and xy. Further, it is shown that the length of 
transmission of shear stresses is 3-5 times the depth of the overlay (Jonasson, 1977), as 
was verified by Carlswärd (2002). By doing a parametric study on combining different 
depths for the overlay and the base concrete, as well as varying the material properties,
an approximation of the maximum stress across the interface z,max and corresponding 
maximum lifting force Ft,max can be obtained (Carlswärd, 2006). 
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Carlswärd (2006) showed that the equations above are only valid for h below two-
thirds of the total composite member depth h. Further, if a triangular shape of the
tensile stresses is assumed the tensile zone, x1, will be 0.4 h. Jonasson (1977) further 
demonstrates that if a triangular shape is assumed for the shear stress and the stress at the
edge is the same as the maximum shear stress, xy,max, the length of the shear stress zone,
x2, will then be three times the depth of the overlay, 3 h. The maximum shear stress 
can then be approximated as.

h
N x

zx 3
2

max, 2.7

Once the stresses leading to edge-lifting or de-lamination are known, they can be
compared to the tensile or shear strength of the bonding zone of the composite. As per
the experience of the the author and Carlswärd (2006), the lifting stress, z, combined 
with the surrounding environment is the prominent cause of debonding when casting
overlays.
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2.4 Shear models 

2.4.1 General

The focus of this section is based on, from the literature, existing methods to calculate
the shear bearing capacity or the shear force contribution of strengthened concrete
through the use of epoxy bonded FRP. There exist different approaches when
considering the design of shear bearing capacity for concrete beam. The two
dominating approaches are truss analogy and the modified compression field theory
(Vecchio and Collins, 1986; Evans et al., 2006). The focus in this thesis will be on truss 
analogy because it is commonly accepted, gives reasonable results and is quite
transparent. Further, the following chapter provides a design method to calculate the 
shear bearing capacity contribution of the MBC system, which is also based on the truss
analogy. To the author’s knowledge there exist numerous design proposals for
calculating the shear contribution to the bearing capacity for strengthened concrete
beams. This section will briefly describe a selection of existing design methods. 

2.4.2 Design methods on shear bearing capacity 

The shear strengthening of concrete structures with FRPs has been thoroughly
investigated during the last decade. However, the main focus on shear strengthening
has been on FRP sheets or laminates bonded to the concrete surface with epoxy 
adhesives. There are numerous publications about shear strengthening, e.g.
(Triantafillou, 1998; Khaliffa et al.; 1998; Carolin, 2001; Chen and Teng, 2003, Zhang 
and Hsu, 2005 and Carolin and Täljsten, 2003, 2005). Common to all shear capacity
solutions of strengthened cross sections is the use of the super positioning principle, 
attained by adding the shear capacity of the concrete, VC, to the steel reinforcement
capacity, VS, and the adding the FRP contribution, VFRP, to the shear load bearing
capacity, VTOTAL. The use of super positioning principle is not obvious, but it is useful
and gives a fair description of the real behaviour.

FRPSCTOTAL VVVV 2.8

Failure mechanisms that influence the capacity of the strengthening systems are greatly
dependent on the design of the strengthening system. The most common shear
strengthening systems are wrapping with sheets, U-jacketing and side bonding; see 
Figure 2.14. Failure modes associated with the different shear strengthening techniques 
are mainly fibre rupture or debonding. In addition, compressive failure in the concrete 
struts may occur when beams are completely wrapped. Failure modes associated with
shear strengthening are recorded in Figure 2.15. Assuming full composite action, the 
wrapping technique will predominately give fibre rupture, side bonding will often 
exhibit debonding and U-jacketing will show either of the failure modes or a 
combination of the two (Carolin, 2003; Brueckner et al., 2005; Chen and Teng, 2003; 
Carolin and Täljsten, 2005a+b). The important failure mode that can reduce the 
capacity of the strengthening system is therefore the loss of anchorage. A good 
anchorage will provide full utilization of the strengthening system. The strengthening
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technique with wrapping will provide the best anchorage followed by U-jacketing
(Chen and Teng, 2003b). 

Figure 2.14. Most common shear strengthening techniques. From left, wrapping, U-jacketing
and side bonding

Figure 2.15. Strengthened rectangular concrete beam with typical shear failures and flexural 
failures

Calculation of the contributions from the concrete, VC, and the steel reinforcement,
VS, to shear capacity are described in national codes and Eurocode 2 (EC 2-1, 2004). 
To calculate the shear contribution of the steel stirrups, the preferred design approach is
a truss model with compression struts and tensile ties. This model gives conservative
values, for most cases. The truss model approach assumes that the reinforced concrete
will act as a truss after cracking of the old concrete, i.e. the concrete reinforcement will 
be analogous to a truss with a tension cord at the bottom, a compression cord at the
top, vertical steel ties and diagonal concrete struts; Figure 2.16. 
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Figure 2.16 Truss model for reinforced concrete. 

2.4.3 Shear capacity

This chapter describes some of the existing design models to determine the shear 
capacity of a reinforced concrete beam strengthened with FRP. No special effort is 
taken when considering the shear contribution of concrete and steel reinforcement and
for that matter the national Swedish standard, BBK 04. When it comes to the 
contribution of FRP, six different design models are presented and compared, all of 
which are derived for strengthened concrete beams with the use of FRP and epoxy 
bonding agents. A method to estimate the shear strength contribution for the mineral
based strengthening system (MBC), which is the main topic of this thesis, is derived
later on in chapter 3. 

Concrete contribution to the shear strength 

Shear capacity according to the Swedish BBK (2004) for concrete, VC, is: 

vC fdbV 2.9

b is the width of the beam

d is the effective height 

fv is the concrete formal shear strength according to

ctv ff 3,0501 2.10
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Where
fct is the concrete tensile strength, limited to the value corresponding

to fctk 2.7 MPa 
As0 is the area of longitudinal tensile reinforcement 

Steel contribution to the shear strength

The contributions to the shear capacity from the steel stirrups, VS, according to BBK 
04, are based on the truss model.

,max,min RdRdsS VVV 2.11

VRds is the capacity of the shear reinforcement.

sincotcot
s
z

fAV svsvRds 2.12

VRd,max considers compression failure in concrete compression struts

2,max
cot1

cotcot
cccRd fzbV 2.13

where
is the angle of the compression struts in relation to a beam axis
perpendicular to the shear force direction. Limited to 21.8< <45
and for pre-stressed reinforcement 18.4< <45
is the angle of the steel stirrups, vertically aligned stirrups is 90°

z is the internal lever arm for steel shear reinforcement, set to be 0.9d 
if detailed calculations lacks 

b is the width of the beam
s is the stirrups distance
fsv utilized stress in shear reinforcement
fcc is the concrete compression strength

c factor for pre-stress or other compression force, see eq. 2.14 
Utilized part of the concrete compression strength, see eq. 2.15 
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where

cn = NSd/Ac

NSd is the design value for pre-stress force or other compression force
Ac is the concrete compression strength

stsv
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where
fcck Is the characteristic compression strength of concrete
fst is the steel tension strength

Normally, fsv=fst is used but for large shear force fsv=0.8fst can give a 
higher capacity

FRP contribution to the shear strength

FRP strengthening is becoming a good solution to upgrade existing concrete
structures. Much research has been performed in developing design methods to
calculate the shear strength contribution of FRP. Today, there are various design
guidelines and codes to upgrade concrete structures using FRP, such as (ACI 440.1R-
01, 2001) in the USA, (CAN/CSA-S806-02, 2002) in Canada, (JSCE, 1997) in Japan,
fib (Task Group 9.3, 1999) for Europe, (CNR, 2005) in Italy, and (Täljsten, 2002) in
Sweden. This section will discuss some issues regarding shear strengthening of concrete
structures and show some existing design proposals.

There is a significant difference between the shear capacity contributions for the steel 
reinforcement compared to FRP. In the ultimate limit state design, steel is assumed to 
yield and a constant force over the cross section is added to the shear force capacity.
However, FRP does not yield and remains linearly elastic up to failure. This implies
that the shear force contribution over the cross section is not uniform. When
considering a rectangular beam with a rectangular cross section, the shear stress will
reach its maximum at the centre of the beam, with a parabolic decrease to the top and 
bottom of the beam, Figure 2.17. By assuming a shear crack, the principal strains along
the shear crack can be distributed according to Figure 2.17. This assumption is fairly
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accurate when considering steel stirrups, since the load distributes until all steel bars 
yield and the shear capacity contribution for the steel, VS, is fulfilled (Täljsten, 2002). 

Figure 2.17. Shear stress for a rectangular beam cross section and stress distribution converted
into principal strain over a shear crack, after Carolin (2001). 

In Figure 2.17, FRP strengthening is displayed along with the shear stress and strain
distribution. The non-uniform strain distribution will cause a non-uniform stress
distribution in the FRP; see Figure 2.17. Hence, the ultimate fibre strain cannot be
used as the yield strain for steel stirrups. This implies that the fibres in the centre of the 
beam will be the exposed to the highest strain. When the ultimate strain is reached, the 
fibres will break, thus leading to a redistribution of the forces with the neighbouring
fibres becoming more stressed and possibly break. This will then propagate through the 
crack formation until ultimate failure. Depending on the external load and the load
situation, structural members will be subjected to both shear forces and flexural
moment simultaneously. Pure shear is therefore highly unusual for structural members.
Studying the stress fields caused by the load situation can give a satisfactory estimate of 
the shear crack in the concrete member. This is further described in (Carolin and
Täljsten, § 2005). 

This section will show and evaluate some existing design proposals on shear
strengthening with the use of FRP. Note that all of these design methods are
developed for FRP strengthened concrete structures with the use of resinous bonding
agents. Six design proposals are presented and evaluated according to Triantafillou
(1998), Khaliffa et al. (1998), Zhang and Hsu (2005), Chen and Teng (2003a, b), 
Carolin and Täljsten (2005) and Monti and Liotta (2007).

There are certain limitations in this evaluation. Firstly, only design in the ultimate limit
state is considered. Secondly, all of the proposed ultimate failure loads will be compared
to an experimental failure load of a rectangular concrete beam strengthened with side
bonded CFRP that has debonding as the failure mode (Hägglund, 2003). Therefore,
material properties used in the evaluation will be the nominal values from that
experimental study. Some of the design proposals consider the fibre rupture and de-
bonding, whereas in some cases the proposed failure load does not coincide with the
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failure mode. Still, this is not studied, since it is the design proposals that are reviewed.
The evaluated test set-up is recorded in Figure 2.18 with the common notations used 
in the majority of design proposals. Note that by using a common notation, some of 
the original notations might have been changed.

Figure 2.18. Chosen test set-up for the evaluation of shear strengthening design models
according to experimental set-up in (Hägglund, 2003). 
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Triantafillou (1998) 
This proposal has been developed by using the classical truss analogy and by accounting
for an effective FRP strain. The truss analogy is, of course, the same methodology used
to calculate the shear capacity of the internal steel shear reinforcement. The FRP strain
depends on the elastic modulus of FRP times the area fraction. The shear contribution
of the FRP is proposed by 

sincot1
9,0

, dbEV eFRPFRPFRP
FRP

FRP 2.16

where

FRP is a partial factor, in this evaluation set to 1 

FRP is the FRP ratio over shear crack area, Area FRP/Area concrete in 
shear

FRP,e is the effective strain in the fibres 

The effective strain, FRP,e, is mainly dependent on the failure mode, e.g. fibre rupture
or debonding. Triantafillou (1998) qualitatively argues that the effective strain is heavily 
dependent on the area of FRP to concrete debonded interfaces, e.g. anchorage length
(the necessary length to reach the tensile strength of the FRP prior to debonding). As
well, the anchorage length almost proportionally depends on the axial rigidity, i.e. area
ratio times the elastic modulus ( FRPEFRP) of the FRP. The relationship between FRP,e

and FRPEFRP is obtained by a best-fit second order equation (regression analysis) for eq.
2.17. Eq. 2.18 is given as a straight line. The experimental data for this proposal have
failure modes ranging from fibre rupture to debonding. Thus, the design proposal
considers both fibre fracture and debonding. 
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Triantafillou and Antonopoulos (2000) refined the expression for the effective strain 
based on an extended amount of tests. The refined model, still based on regression,
gives the effective strain for specific failure modes and covers different strengthening
designs and materials. The effective strain, for different designs and materials, is given 
below, eq. 2.19 to 2.22. Note that there is no explicit expression for side bonded FRP
in this derivation. 

36



Literature review

Shear failure due to debonding

3

56.0
3

2

, 1065.0
FRPFRP

c
eFRP E

f
2.19

CFRP rupture

30.0
3

2

,

, 17.0
FRPFRP

c

uFRP

eFRP

E

f 2.20

U-jacketing with CFRP 

uFRP
FRPFRP

c

FRPFRP

c

eFRP

E

f

E

f

,

30.0
3

2

3

56.0
3

2

,

17.0

,1065.0

min 2.21

Wrapped with CFRP

uFRP
FRPFRP

c
eFRP E

f
,

30.0
3

2

, 17.0 2.22

Khaliffa et al. (1998)
The same equation for shear strength contribution is used; see eq. 2.16. However, in
Khaliffa et al. (1998) a small modification of the effective strain was done by using 
additional experimental data. As in Triantafillou (1998), the effective strain was 
determined by comparing the experimentally determined shear strength to eq. 2.16 and
then calculating backwards FRP,e. The first step in modifying the effective strain is done
by plotting the ratio of effective strain to ultimate strain, eq. 2.23, versus axial rigidity.
This plot is recorded in Figure 2.19. 

ultFRP

eFRPR
,

,
2.23
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R is plotted against FRPEFRP to eliminate the effects of the different variations of FRP
sheets used in the experimental set-ups. A polynomial is used to get a best-fit from the
acquired data obtained in Figure 2.19. Thus, a modified reduction factor is obtained,
eq. 2.24, from where the effective strain can be calculated backwards. Note that the
reversed calculated effective strain is only valid for the fibre rupture failure mode.

50.0778.02188,15622.0 2
FRPFRPFRPFRP EER 2.24

The upper limit of 0.5 is set to limit the strain in the FRP sheet to an order of 4000 to 
5000 . This limit is basically suggested to maintain the shear integrity of the concrete.
If the strain becomes higher, the crack widths also become higher and the aggregate
interlock would be reduced or lost. This in turn reduces the shear capacity of the 
concrete. Note that this limit is only valid for low modulus CFRP with a failure strain
of 0.015.

Figure 2.19. The modified reduction factor, R, plotted against the axial rigidity, Khaliffa et
al. (1998).

If debonding is considered, the reduction factor has to be modified further  by
introducing an effective bond length where the bond stresses are only transferred in the
active bonding area. When a shear crack is initiated, only the portion of the FRP 
extending beyond the crack by the effective bond length will be able to carry the shear. 
For this purpose, Khaliffa et al. (1998) suggest replacing the width, w, with an effective 
width, weff,. The effective width depends on the shear crack angle (assumed to be 45°),
the effective bond length and the configuration of the bonded surface, i.e. wrapped, U-
jacketing or side bonded. The proposed reduction factor considering debonding is 
presented below.
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where

FRPFRP Et
eff edw ln58.0134.6  for U-jacketing 2.26

FRPFRP Et
eff edw ln58.0134.62  for side bonding 2.27

Note that this approach is not appropriate if the strengthening is wrapped around the
beam.

and

FRP

ultFRP
ultFRP E

f ,
, 2.28

To clarify, fc is the nominal concrete compression strength and fFRP,ult is the ultimate
strength of the FRP. The effective strain is then inserted in eq. 2.16.

Zhang and Hsu (2005)
In this proposal the authors conclude that the reduction factor in eq. 2.25 clearly 
becomes smaller as the axial rigidity of CFRP laminates becomes larger. By further
modifying the curve fitting, the authors propose the adoption of a power regression
line instead of using a polynomial as the best-fit for the experimental data. The power
regression gives higher r-square values than the polynomial, which leads to the
conclusion that the regression line gives a more realistic equation that simulates the
structural behaviour. The equation for the power regression line then becomes.

8193.01486,0 FRPFRP ER 2.29

A large scattering in the failure modes is also pointed out. Fibre rupture occurred at
0< FRPEFRP<0.55 GPa and debonding occurred at 0< FRPEFRP<1.2 GPa, indicating
that debonding dominates over the tensile fracture of the CFRP laminates as they
become thicker and stiffer, thus the effective strain will be reduced. Also, as the
concrete compression strength becomes stronger, the bonding stress becomes higher. In
such a case, if the failure is caused by debonding, a higher effective strain could be 
expected. Since a higher compression strength results in higher bonding stress, this 
factor should be included to obtain the reduction factor. This is simply done by
dividing the axial rigidity with the concrete compression strength. By using the power
regression line on the latter, better results in r-square will be obtained when comparing
the reduction factors, see Figure 2.20. This will also give a new equation for the
reduction factor.

7488.0

'
8589.1

c

FRPFRP

f

E
R 2.30
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Figure 2.20. Comparison of plotting the strain reduction factor versus axial rigidity (to the
left) and axial rigidity divided by the concrete compression strength( Zhang and Hsu, 2005).

Zhang and Hsu (2005) also proposed another equation describing the reduction factor.
The difference from the above equation, which is based on regression and curve fitting 
of experimental data, is that this proposal, eq. 2.33, is based on a bond mechanism
between the CFRP and concrete according to Figure 2.21. In this way, the effective 
bonding length is more effectively addressed.

Le

maxT
CFRP

Concrete

Figure 2.21. Shear stress distribution in the transition zone between the CFRP and epoxy,
After Zhang and Hsu (2005).

The relations to obtain the equation for the strain reduction factor are recorded in
Figure 2.21. The authors assume a triangular shear stress distribution along the bond
line and that the ultimate direct maximum shear stress, tmax, is reached over the effective
bond length, Le. The total force that can be developed on two sides of the beam when
shear strengthened will be 
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effe wLT 2
2
1

max 2.31

The force in the CFRP and the concrete at the moment of shear failure can then be 
described as

eFRPeffFRP fwtT ,2 2.32

Where fFRP,e is the effective strain in the CFRP at failure. By equating eq. 2.31 and
2.32, and rearranging and dividing with the ultimate failure strain in the CFRP, fFRP,ult,
the following equations can be obtained and thus the reduction factor.

1
2 ,

max

,

,

ultFRPFRP

e

ultFRP

eFRP

ft

L

f

f
R 2.33

Le or the effective bond length is set by the authors at 75 mm. The authors also propose
the maximum shear stress. However, this solution for the shear strength and effective 
bond length is based on empirical tests, while the shear strength is best-fitted as a
relation between the shear stress and the compressive strength of concrete; see eq. 2.34. 

38.6'1073.2'1064.7 224
max cc ff 2.34

Note that the first proposed equation, 2.30, does not deal with the fact that the CFRP
laminates tend to fail in rupture when FRPEFRP<0.55 GPa. Thus, the authors
recommend the use of equations 2.30 and 2.33, along with the lowest strain reduction 
factor. Zhang and Hsu (2005) also point out that the proposed strain reduction factors
need to be adjusted as more data is becoming available due to their empirical nature. 

Chen and Teng (2003a, b) and Teng et al. (2006)
This model is, of course, also based on the truss model. The design method is based on 
discrete FRP strips. In this sense, completely bonded sides with sheets can be regarded
as a special case of strips. The proposed design expression basically describes the same
behaviour as the previous methods. But a new reduction factor on the stress is
introduced instead of having a reduction factor on the strain. Further, an effective FRP 
height is introduced. The proposed design method, based on strips, is given as. 

FRP

eFRP
FRPFRPeFRPFRP s

h
wtfV

sincotcot
2 ,

, 2.35

where

fFRP is the effective stress in FRP intersected by the shear crack in 
ultimate limit state

hFRP,e is the effective height of the FRP bonded to the concrete, see also
eq. 2.42 

EFRP,e is the elastic modulus of the FRP 
is the shear crack angle, see Figure 2.18 
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is the inclination of the FRP, see Figure 2.18 
tFRP is the thickness of the FRP, see Figure 2.18
wFRP is the width of FRP strips/sheets, see Figure 2.18 
sFRP is the distance between FRP strips/sheets, see Figure 2.18
Similar to the previously described methods, the Chen and Teng (2003a, b) proposal is
also based on the assumption that the stress distribution, for both rupture and
debonding failure modes, is not uniform along the shear crack at ultimate limit state.
This is taken care of by introducing the stress (or strain) distribution factor. 

,max, FRPFRPeFRP Df 2.36

In this model, the expression for both the maximum stress FRP,max reached along the
shear crack and the stress distribution factor DFRP are the most significant parameters to
be established. This is done separately for rupture and debonding failure modes. The 
stress distribution factor is expressed as 

max,,max,

,

eFRP

z

z

z

FRPeFRP

z

z

zFRP

FRP
h

dz

or
h

dz

D

b

t

b

t
2.37

Fibre rupture:

The strain distribution is assumed to have a parabolic shape along the shear crack; see
2.17. Different shapes of the strain distribution are proposed, a similar approach can be
found in Carolin (2003). Further, it is assumed that the strain is approximately
proportional to the shear crack width and that the shear crack width is represented by a
linear function increasing from zero at the crack tip for a diagonal shear failure; see also
Figure 2.24. By doing so, the normalised strain (or stress) will increase from zero at the
crack tip to a unity at the lower end, thus not having a parabolic shape. For the general
strengthening case, this is proposed to be a good approximation of the stress 
distribution. The stress distribution factor is given by. 

2
1

FRPD 2.38

where

b

t

z

z
2.39

tFRPtFRPt ddddz ,, 1.01.0 2.40

ddhdz FRPb 1.0 2.41
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zt is the distance from the effective compression face (0,1d from the 
top) to the top end of the effective FRP

zb is the distance from the effective compression face to the bottom
end of the effective FRP 

eFRPtb hzz , 2.42
dFRP,t is the coordinate from the top end of the effective FRP, see Figure

2.18
dFRP is the distance from the compression face to the lower edge of the

FRP
h Is the height of the beam, see Figure 2.18
d Is the internal lever arm, see Figure 2.18 
All of these parameters are also shown in appendix C 

When fibre rupture is achieved, the maximum stress in the FRP is equal to the
ultimate tensile stress.

ultFRPFRP f ,,max 2.43

Chen and Teng (2003a) also point out that when FRP with a high ultimate strain is 
used, special attention should be made. This is mostly due to crack width opening of
the concrete, which could induce shear failure before the ultimate stress is reached in 
the FRP due to the loss of aggregate interlocking; see also Khaliffa et al. (1998). 

Debonding:

When addressing debonding, it is evident to establish the terms anchorage length or
critical anchorage length. Chen and Teng (2003b) use the term effective bond length,
which is the required length where the extension of the bond length cannot increase
the bond strength, similar to Figure 2.21. The proposed maximum stress in the FRP at 
debonding is considered to be 

FRP

cFRP
Lw

ultFRP

FRP

t

fE

f

'
427.0

min

,

,max 2.44

Considering the last term, a unit of inconsistency can be noted of the maximum stress.
This model is based on non-linear fracture mechanics and regression analysis on the
ultimate bond strength and the FRP width ratio (Chen and Teng, 2001). The two 
coefficients L, the effective bond length, and w, the effect of the width ratio between
the FRP and the concrete, are given as.

1
2

sin

11

if

if

L 2.45
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Where

 is the normalised maximum bond length expressed by

eL

Lmax
2.47

Where

Lmax is the maximum bond length given by

bondingsidefor
h

jacketingUfor
h

L
eFRP

eFRP

sin2

sin

,

,

max 2.48

Le is the effective bond length given by 

'c

FRPFRP
e

f

tE
L 2.49

In this proposal, it is assumed that all of the FRP intersected by the critical shear crack
can develop full bond strength at the ultimate limit state. This is confirmed by the 
observation that an FRP-to-concrete bonded joint generally has some slip after
reaching the ultimate bond strength (pseudo-plastic behaviour). It should also be noted
that the bond strength of a strip depends on the distance from the shear crack relative
to the ends of the strip. By using this assumption the stress reduction factor for
debonding can be, using eq. 2.37, expressed by 

1
2

1

1

2
sin

2
cos1

2

if

if
DFRP 2.50

A slight development of the model proposed by Chen and Teng (2003a, b) is 
developed in Cao et al. (2005), though it is not evaluated in this report.
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Carolin (2003) and Carolin and Täljsten (2005)
This design model is also based on the super positioning principle of the shear
contribution of the strengthening and the strut and tie model, previously described. As
with the previously described design models, an average fibre utilization factor, i.e.
reduction factor for the linear elastic properties of FRP, is needed. This reduction
factor, , expresses the average strain in the fibres over the height of the beam in
relation to the strain in the most stressed fibre, max, eq. 2.51.

h

dyy
h

h

FRP

max

2/

2/
2.51

Assessment of the reduction factor includes the relative stiffness between concrete in
compression, cracked reinforce concrete in tension and lightly reinforced concrete in
tension. Bending deformation will decrease the reduction factor for the case of aligned
fibres. The value and direction of the bending moment depends on the structural
system and the location of the applied strengthening on the beam. The proposed design 
model by Carolin and Täljsten (2005) is recorded in eq. 2.52.

sin
sin

zrtEV FRPFRPFRPcrFRP 2.52

where

is the strain reduction factor, in Carolin and Täljsten (2005) 
proposed to 0.6 

z is the length of the vertical tension tie in the truss, normally
expressed as 0.9d. For composites bonded over the entire height, z
can be equated to the beam height, h.

cr is the critical strain. This parameter is limited by minimum value of
the ultimate allowable fibre capacity, FRP,ult, the maximum
allowable strain without achieving anchorage failure, bond, and
maximum allowable strain to achieve concrete contribution, c,max,
e.g. concrete contribution due to aggregate interlocking.

2
max,

2

,

sin

sinmin

c

bond

ultFRP

cr 2.53

The reduction of sin2( + ) to the anchorage and concrete contribution comes from 
the antisotropic behaviour of the composite. If the concrete contribution, Vc, is not 
included in the shear bearing capacity the limiting parameter c,max can be ignored. 
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The critical strain times the reduction factor gives the effective strain, FRP,e, described
earlier.

rFRP is a factor depending on the layout of the strengthening system and is for whole
coverage

sinFRPr 2.54

Composite strips

FRP
FRP s

w
r 2.55

Monti and Liotta (2007)
This design proposal is derived as a mechanics-based model, as opposed to the 
proposed designs based on regression. The characteristics of the proposed model are
obtained through three steps:

- Definition of the generalised constitutive law of an FRP layer bonded to
concrete

- Establishment of the compatibility imposed by the shear crack opening and
boundary conditions (strengthening scheme)

- The stress field in the studied FRP crossing the shear crack are expressed
analytically

This model is based upon certain assumptions. It is assumed that cracks are evenly 
spaced along the beam axis with an inclination of . The crack depth is equal to the 
internal lever arm z = 0.9d in the ultimate limit state. For wrapping and U-jacketing
the resisting shear mechanism is based on the truss analogy. For side bonding, the 
development of a “crack-bridging” resistance mechanism has been considered due to 
the missing tensile diagonal tie in the truss analogy. This actually implies that for 
wrapping and U-jacketing the truss resisting mechanism can be activated, while for side 
bonding the role of the FRP is that of “bridging the crack”.

A generalised failure criterion for FRP strips or sheets bonded to concrete is
introduced. This criterion includes two possible cases – strip/sheet with side bonding
only and strip/sheet wrapped around corners (U-jacketing and wrapping). For side 
bonding two parameters are introduced, effective bond length (optimal anchorage
length), le, and the debonding strength, fFRP,dd. In this proposal the Italian code for FRP 
is adopted when describing these two parameters (CNR, 2005). 

ctm

FRPFRP
e f

tE
l

2
2.56
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FRP

FkFRP

dFRP
ddFRP t

E
f

21

,
, 2.57

where

FRPE is the elastic modulus of FRP

FRPt is the thickness of the FRP, see Figure 2.18

3
2

27.0 ckctm Rf
is the mean tensile strength of concrete and Rck is the 
concrete characteristic cube strength 

dFRP, is a partial safety factor depending on application quality

ctmckbFK ffk03.0 is the specific fracture energy of the FRP to concrete bond 
interface. fck is the concrete characteristic cylinder strength

1
400/1

/2

w

pw
k FRP

b is the covering/scale coefficient, for sheets = 1 

w is the width measured orthogonally to , see also figure
Figure 2.18 

pFRP is the spacing measured orthogonally to ,

sinFRPFRP sp
sFRP Is the distance between the FRP strips/sheets

Due to the strengthening scheme and the apparent shear crack alignment, the available
bond length, lb, could be lower than the effective bond length, le. In such a case the
debonding strength is reduced according to 

e

b

e

b
ddFRPbddFRP l

l

l

l
flf 2)( ,, 2.58

For the second case described above regarding U-jacketing and wrapping, a coefficient
that considers the corner rounding radius, rc, with respect to the beam width, b, is given
by

b

rc
R 6.12.0  , 5.00

b

rc 2.59

A function describing the ultimate strength of the FRP for both cases, side bonding
and U-jacketing/wrapping, are proposed accordingly.

ebddFRPultFRPRbddFRPcebultFRP lfflfrlf ,,,, ,, 2.60

Where

corneraaroundwrappedendfor

endfreefor
e 1

0
2.61
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If the term in eq. 2.60 becomes negative, then it should be set to zero. The 

generalised stress-slip constitutive law, FRP(u,lb, e), for FRP bonded to concrete is
recorded in Figure 2.22 (side bonding) and Figure 2.23 (U-jacketing/wrapping). The 
stress-slip law is denoted as a function of the applied slip, u, at the pulled end of the 
available bond length, lb, and the end restraint, e.

L

2
L

Le Le

3

L

L

Le Le

u1(L) ud(L) uult(L)=uFRP(L)

u

Le

L

1

L
1 2

3

fFRP,ult

fFRP,dd

FRP

1

2

f

u1(L) ud(L)=ud,ult(L)

fFRP,dd

u

Le

L

1 2

Figure 2.22. Stress-slip law proposed for side bonded FRP with free edge, after (Monti and 
Liotta, 2007). 
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5
FRP rupture
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Complete
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ud(L) uult(L)u1(L)

Figure 2.23. Stress-slip law proposed for FRP wrapped around corners, after (Monti and
Liotta, 2007). 

Considering the compatibility (crack width), the authors suggest the application of a
reference system with the origin placed at the tip of the shear crack and with the first 
coordinate axis along the shear crack; see Figure 2.24. The crack width, w, could be 
considered as normal to the crack axis, x, and expressed as a function of the shear crack.
A linear expression is used to express the crack width, compared to the strain
distribution in the FRP proposed by (Chen and Teng, 2003 a). 

xxw 2.62

 is the crack opening angle. Assuming symmetry at both sides of the crack, a slip is
imposed to the FRP crossing this angle. The slip function is expressed by 

)sin(
2
1

)sin(
2
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),( x

xw
xu 2.63
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FRP Shear crack 

z

x

Figure 2.24. Crack width opening for a concrete member strengthened with FRP,  is the
crack opening angle. After (Monti and Liotta, 2007). 

Boundary conditions, also referred to as the available bond length, on both sides of the
shear crack should be adopted according to the applied strengthening scheme (side
bonding, U-jacketing and wrapping). Using compatibility (crack width) and boundary
conditions (available bond length), (Monti and Liotta, 2007) determined the effective
stress field, FRP,e(x), for the FRP along the shear crack by integrating over the crack
length, z/sin .

sin/

0

,, )(,,
sin/

1
)(

z

bcrFRPeFRP dxxlxu
z

2.64

The maximum effective stress in the FRP, denoted effective debonding strength fFRP,ed,
is found by imposing 

0
)(,

d
eFRP 2.65

The effective debonding strength, fFRP,ed, is given for the three strengthening techniques
as

Side bonding

2

,

,
,, 6.01

,9.0min eqrid

eqeqrid
ddFRPedFRP z

l

hd

z
ff 2.66

where zrid,eq is equal to the vertically projected length of the FRP minus the length.
Here, the bond is building up (effective bond length), plus a bonded length that would
be necessary if the FRP stress was uniformly distributed under the debonding slip, sf, in
(CNR, 2005), assumed to be 0.2 mm. 
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Where fFRP,d is the design ultimate strength of the FRP.

The FRP contribution to the shear bearing capacity, VFRP, is calculated by considering
the design of the strengthening system. The truss analogy is regarded for the U-
jacketed and wrapped strengthening systems. “Bridging” of the shear crack is 
considered for the side bonded strengthening system.

U-jacketing and wrapping

FRP
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Rd
dFRP p

w
tfdV cotcot29.0

1
,, 2.70

Side bonding
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w
tfhdV
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2,9.0min

1
,, 2.71

Note that the proposed design method is used in the Italian design code, CRN (2005).

Comparison of shear strengthening design models 

In this section, all of the proposed design models are compared to laboratory results
obtained in (Hägglund, 2003). The test set-up was four-point beam bending on a
rectangular concrete beam, see K40s0E-1-45S in Table 2.5. The test set-up and
longitudinal reinforcement are shown in Figure C.1. No steel shear reinforcement was
used in the test beam, e.g. only the FRP contribution to the shear bearing capacity is 
calculated. The experimental FRP contribution was taken accordingly, i.e. the non-
strengthened shear bearing capacity of a reference beam that was subtracted on the
strengthened beam’s total shear capacity. The calculations are recorded in appendix C 
and the summarized in Table 2.4. 
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Table 2.4. Shear bearing capacities according to proposed design models compared to 
experimental results on a strengthened concrete beam. 

Failure mode/load Vcal Vexp/VcalDesign model
Fibre

rupture
[kN]

Debonding
[kN]

Experimental
load Vexp

[kN]
Fibre

rupture
Debonding

Triantafillou and
Antonopoulos (2000)

206 159 122 0.59 0.77

Khaliffa et al. (1998) 177 166 122 0.69 0.73
Zhang and Hsu

(2005)
246 320 122 0.50 0.38

Chen and Teng
(2003)

134 132 122 0.91 0.91

Carolin and Täljsten
(2005)

186 N/Aa 122 0.66 -

Monti and Liotta
(2007)

71 71 122 1.72 1.72

a It was not possible to estimate the failure load due to debonding, lack of information for bond.

The failure mode for the strengthened concrete beam with a side bonded CFRP sheet
was fibre rupture The design model in Triantafillou and Antonopoulos (2000) 
overestimates the failure load for the right failure mode. Triantafillou (1998) also states 
that the effectiveness of strengthening ceases to be positive with a axial rigidity beyond 
0.4; in this comparison the axial rigidity was 0.3. With Khalifa et al. (1998), both fibre 
rupture and debonding were considered with two different proposals, though both
failure loads overestimated the experimental value. In Zhang and Hsu (2005), the 
lowest value of fibre rupture and debonding should be chosen. In this evaluation the
fibre rupture had the lowest failure load in accordance with the actual experimental
failure mode. Both proposed failure loads overestimates the failure load drastically in 
Zhang and Hsu (2005). All of the methods described above are based on the same 
geometrical truss model, though with a more or less refined regression analysis for some 
of the most important input variables. However, it should be pointed out that the three
first design models were not calibrated against the used test set-up. Using regression on
experimental data is not always a good solution. The design proposal for Chen and 
Teng (2003) had the best correlation, however on the non safe side, for the right type
of failure mode for the selected set-up. The proposed model, on the other hand,
indicates that both fibre rupture and Debonding occurs at the same load.. The design
proposal in Carolin and Täljsten (2005) does not suggest how to estimate the failure
load when debonding is the failure mode. The fibre rupture failure mode 
overestimated the shear bearing capacity. Lastly, the design proposal in Monti and
Liotta (2007) and CRN (2005), based on compatibility imposed by the shear crack, was 
the only model underestimating the shear bearing capacity of the strengthening. All of
the design proposals describe the same set-up, but with varying results. The author
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believes that the most likely cause for the scattering in results is that most of the
proposals are founded on empirical data. Note that the Monti and Liotta (2007) 
proposal is based on the least amount of experimental data.

2.5 Structural strengthening systems 

2.5.1 Epoxy based systems 

This section will describe different shear strengthening solutions using epoxy bonding
agents and carbon fibre composites tested at the Division of Structural Engineering at
Luleå University of Technology. All of the presented strengthened and unstrengthened
concrete beam specimens have the same geometrical design as the beam specimens
strengthened in shear through the use of the MBC system, which are described 
thoroughly in the coming chapters. Similar and other designs of these strengthening
systems can be seen in the previous section, i.e. side bonding, U-jacketing and
wrapping; see Figure 2.14.A matrix including all tested beams based on the 
strengthening scheme is recorded in Table 2.5. This includes material characteristics for 
the base concrete beam (fct for tensile strength and fc for compression strength), amount
of fibre used, fibre direction ( ), strengthening scheme, ultimate shear span failure load 
(Pult) and failure mode. The failure modes are depicted according to CS for concrete
shear failure, R for rupture, D for debonding, RD for fibre rupture and debonding at
the same load, R+D for fibre rupture after initiation of debonding and C for 
compression at the top of the beam. The notation of the beams follows roughly the
same name convention as for the beam specimens strengthened in shear, see chapter 5.
The strengthening scheme is used (S for side bonding and W for wrapped) instead of
thickness at the end of the name notation. Two beam specimens were also
strengthened in flexure by a laminate, K40s0-E-2-90WR and K40s0-E-2-45W. Some 
of the beams were pre-cracked prior to strengthening, as notated by the last letter, R, 
in the name convention. A more comprehensive evaluation of these beams, including
strain measurements and theoretical approach can be found in (Carolin, 2003). A name
convention translator is shown in Figure 2.25.
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K40 s0 – E  – 2 – 90 W R

AAA sX – Y – C  –     Z Rx 

Figure 2.25. Name convention for beam specimens strengthened using epoxy bonding agents.

Wrapping and side bonding are used when the strengthening system is applied for the
beam specimens. The four point bending test set-up, geometry, and steel reinforcement
design used for all beam specimens are shown in Figure 2.26. Failure tests for all beams 
in Table 2.5 were deformation controlled with a deformation rate of 0.01 mm/sec. All 
testing and mounting of the strengthening system were performed under laboratory
conditions at 20°C and 60% of relative humidity (RH).

Side bonded beam specimens with the fibre alignment of 0° and 90° are used in
chapters 5 and 6 for comparison to the MBC system.

Strengthening scheme, S (side
bonded) and W (wrapped)

Alignment of the strengthening system, 0°,
45° and 90°

Fibre amount, 1 stands for 125 g/m2,
2 for 200 g/m2 and 3 for 300 g/m2

Type of
bonding agent 
used, E stands 
for epoxy

Concrete quality,
based on Swedish
standards.

R stands for repaired, x depends
the number of specimens

Stirrup distance in the strengthened
shear span, s0 means no stirrups, s2 a 
distance of 250 mm and s3, 350 mm
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Table 2.5. Name convention and properties of shear strengthened concrete beams. 

Beam fcA
[MPa]

fctA
[MPa]

Amount
[g/m2] [ °]

System Pult
[kN]

Failure
mode

K40s0a 65 3,6 - - - 126 CS
K40s0b 67 3,5 - - - 124B CS
K40s0c 47 3,5 - - - 103B CS
K40s0d 53 3,5 - - - 119B CS
K40s0e 46 2,9 - - - 125B CS

K40s0-E-1-45S 67 3,5 100 45 S 247 R

K40s0-E-2-0S 59 3,5 200 0 S 154 S

K40s0-E-2-45Sa 71 3,8 200 45 S 257 RD
K40s0-E-2-45Sb 53 3,5 200 45 S 305 RD
K40s0-E-2-45W 46 2,9 200 45 W 338 R+D

K40s0-E-2-45SRa 67 3,5 200 45 S 306 RD
K40s0-E-2-45SRb 47 3,5 200 45 S 251 RD

K40s0-E-2-90Sa 59 3,5 200 90 S 256 D
K40s0-E-2-90Sb 52 3,7 200 90 S 298 D
K40s0-E-2-90W 52 3,7 200 90 W 367 C

K40s0-E-2-90WR 46 2,9 200 90 W 388 D+R

K40s0-E-3-45S 71 3,8 300 45 S 334 D
A Values obtain as mean values from three 150 mm cube strength tests
B Loading cancelled when shear crack arose, afterwards the specimens were strengthened
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Figure 2.26. Test set-up and steel reinforcement design. Strengthening system using sheet 
applied at 45°, 90° and 0°. 
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Material properties 

All strengthened beam specimens were strengthened using a commercial system, today
called “StoFRP Sheet”. This system consists of a low viscosity epoxy resin called
adhesive I and unidirectional carbon fibre sheets. All of the beams were strengthened
using a hand lay-up technique (Carolin, 2003). The two-beam specimen strengthened
in flexure was utilized by a CFRP laminate, SikaCarbodur M1412, and a tixotropic 
epoxy adhesive, adhesive II. Material properties supplied by the manufacturer for the
epoxy adhesive and carbon fibre sheets are recorded in Table 2.6. 

Table 2.6. Material properties for the epoxy resin and carbon fibre sheets, after Carolin
(2003).

Tensile strength
[MPa]

Modulus of Elasticity
[GPa]

Ultimate strain [‰]

Epoxy adhesive 
Adhesive I 50 2 -
Adhesive II 31 7

Fibre
Carbon fibre sheet 3500 234 15

Laminate >2800 210 >13

2.5.2 Cement based strengthening systems 

The strengthening of concrete structures with continuous fibres or FRPs and 
mineral/cement based bonding agents must be done in well-defined steps. Each and all
of the incorporated materials to be combined into a composite with optimal
strengthening properties are all very complex. Both the components in the cement
bonding agent and the materials and geometry of the fibres, or FRPs, play a significant
role in the performance of the strengthening system, because perfect penetration of the
fibres, or bond to FRPs, in the cementitious matrix is very hard to achieve. Enhanced
bonding of the fibre or FRP should be obtained when a non-linear geometry is
introduced into the cement based matrix. A special geometry may provide mechanical
anchoring to the cement based matrix. As supported by many studies, in mineral based
composites, the matrix does not fully penetrate in the spaces surrounding the fibre or 
FRP (Wiberg, 2003; Chudoba et al., 2006; Santos et al., 2005; Garcés, 2005). This
section describes three different approaches when designing a mineral/cement based
strengthening system for concrete structures. The first system is Textile Reinforced 
Concrete (TRC) developed at the collaborative research centre at Aachen University,
Germany, in 1998. This strengthening system basically consists of woven fabric bonded
to the concrete surface with modified cement. The second system is called Fibre 
Reinforced Cement (FRC) and is being developed at Wayne State University, USA.
This strengthening system consists of a fabric impregnated with a cement matrix that
results in a thin composite sheet. The third evaluated strengthening system is called
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Textile Reinforced Mortar (TRM), which is similar to the TRC system because it uses
fibre textiles and mortar as a bonding agent. TRM is developed at the University of
Patras, Greece. Another way to strengthen concrete structures with the use of
cementitious bonding agents is by using Mineral Based Composites (MBC) developed 
at Luleå University of Technology, Sweden. This system uses a composite grid or mesh 
bonded to the surface of a concrete structure to enhance its strength, stiffness or both.
This system is detailed in chapter 5.

Textile Reinforced Concrete (TRC)

The TRC strengthening technique is comprised of a cementitious matrix as the
bonding agent and a textile fabric as reinforcement. The TRC system is mounted with 
a fine-grained, high strength concrete as the bonding agent. This high strength
concrete has a maximum aggregate size of 1 mm. The reinforcing fibres are made of 
AR-glass (alkali resistant glass fibres) produced into to a woven fabric. There can be 
many designs of textile fabrics depending on the load case and positioning of the fabric. 
A maximum of four different fibre orientations can be obtained in the same multiaxial
fabric; see also Figure 2.27. Fabrics with relatively complicated yarn shapes, such as
short weft knit, enhance the bonding and improve the composite performance (Peled,
2005). Figure 2.27 shows a multiaxial textile fabric with filament bundler and stitching
fibres.

stitching
fibres

filament-
bundles

10.2

10
.2

Figure 2.27. Multiaxial textile fabric used in textile reinforced concrete, (Brueckner et al.,
2005).

The shear strengthening of concrete beams has been performed with the TRC 
strengthening system in (Brueckner et al., 2005), at Dresden University of Technology. 
The concrete beam specimens have a T cross section and the test set-up was three
point beam bending with a support span of 200 cm; see Figure 2.28. The concrete T-
beams were symmetrically strengthened with the TRC system around the middle of
the beam with a total length of 180 cm. The TRC strengthening system was applied
layer by layer. Fine-grained cement was used as bonding agent and the fabric was
laminated with a spatula in the wet cement matrix; mounting of the TRC system is
recorded in Figure 2.29. The steel shear reinforcement was designed to ensure the
redistribution of internal forces in the state of cracking. The steel flexural reinforcement

58



Literature review

was designed for a higher load than the shear reinforcement to avoid bending failure in
the T-beam.

20 100 100 20
F

30 30 18 1812
48

33
12

Ø 12

Ø 20

240

Ø 8, s = 10 cm Ø 8, s = 20 cm

strengthened area

Figure 2.28. Test set-up and geometry of T-beams, strengthened area situated in the middle.

Figure 2.29. Mounting of the TRC strengthening system. To the left, the fabric is laminated 

A m and stopped

Units in cm. (Brueckner et al., 2005). 

onto the side of the beam. To the right, a layer of cement matrix is spayed on to the surface of
the fabric. Courtesy of A. Brueckner, Dresden University of Technology.

s seen in Figure 2.29, the fabric is wrapped around the web of the bea
at the connection point of the slab. This procedure can cause insufficient anchorage of
the TRC system, since a direct anchorage in the compressive zone is not possible. A
mechanical anchorage to connect the TRC system to the compressive zone might then
be advantageous. In (Brueckner et al., 2005), the mechanical anchorage was designed
with a steel L-section that was bonded on both sides of the TRC system surface with 
an epoxy adhesive. Both anchored and unanchored strengthening was performed.
Anchorage failure of a strengthened beam and strengthened T-beam cross sections with
and without mechanical anchoring are recorded in Figure 2.30. The fabric used in 
these tests was a multiaxial textile with a weight per unit area of 470 g/m2. The AR-
glass fibre inclination was ±45° to the load direction with the aim to be aligned with
the principal stresses in the web. The textile fabric can be seen in Figure 2.27. In total 
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five concrete beam specimens were strengthened with the TRC system. Two concrete
beams were strengthened with two textile layers and one with four textile layers, all
without mechanical anchoring. Two additional beam specimens were strengthened,
one with three layers of fabric and one specimen with four layers of fabric, both with
mechanical anchoring.

A. Without mechanical anchoring

Figure 2.30. Strengthened T-cross section without mechanical anchoring. To the right,

Strengthening of the T-beam cross section with TRC significantly increased the shear 

B. Anchorage failure

C. With mechanical anchoring 

FHZ

ZTZS

detail

tensile bar

distribution
of forces

glued joint

delamination failure of strengthening layer, Brueckner et al. (2005). 

load capacity. However, when the number of textile fabric layers increases, so does the
need for mechanical anchoring. The results indicate that the ultimate bearing capacity
will roughly be the same for a T-beam strengthened with two layers compared to a
specimen strengthened with four layers. The difference between two and four layers of
textile fabric is in the initial stage of loading, where the four-layered strengthening
displays higher stiffness until the propagation of the anchorage failure initiate. Typical
anchorage failure is recorded in Figure 2.30 C. With mechanical anchoring, an
increased stiffness and higher bearing capacity of the strengthened T-beam specimens
are noticed. The strengthening effect of a TRC strengthened concrete T-beams system
compared to a non-strengthened reference T-beam is recorded in Table 2.7. The 
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deformation rate of the loading in this study was set to 0.01 mm/sec. It is the opinion 
of the author that, as Table 2.7 indicates, the use of more two textile layers in the
strengthening system without anchoring will only decrease the strengthening effect,
due to debonding and a strengthening system that will be much stiffer. However, by
using anchoring a higher utilization of the textile will be achieved and thus a higher
strengthening effect. It should be noted that the strengthening effect is not drastically
influenced by adding many fibres. 

Table 2.7. Strengthening effect of TRC, ultimate failure load divided by the failure load of

 2 textile layers

a

3 textile layers

an g)

4 textile layers

a

4 textile layers

an

the reference beam, after Brueckner et al. (2005).

(without
nchoring)

(with
chorin

(without
nchoring)

(with
choring)

Strengthening
effect 1,08 1,12 1,06 1,19

lexural strengthening of concrete structures is also possible with TRC, as recorded in F
Weiland et al. (2006). This study contains flexural strengthening of pre-deformed
concrete slabs with the TRC system. For flexural strengthening, a biaxial geometry of
the fabrics was used. Three different fabric designs were evaluated. All of the textile
reinforcement was mounted in three layers. The three fabric designs were AR-glass
with a fibre area of 143 mm2, AR-glass fibre with polymer coating and a fibre area of 
143 mm2, and carbon fibre with polymer coating and a fibre area of 50 mm2. The 
biaxial geometry of the fabrics was longitudinal and cross direction of the strengthened
concrete beam. Mounting of the reinforcement can be seen in Figure 2.31. The test
set-up was four-point beam bending with an effective span of 1.6 m. The height of the
concrete slab was 100 mm and the concrete slab had flexural steel reinforcement. The
results on the strengthened concrete specimen shows that an ultimate bearing capacity
and higher stiffness can be achieved and that a polymer coating of the fabrics increases
the effectiveness of the textile fabric. It is also shown that for the same load carrying
capacity only one-third of the carbon fibre area is needed compared to the AR-glass
fibre area. The strengthening effects of the different TRC systems are recorded in
Table 2.8. Strengthening of pre-damaged concrete structures utilizes the effectiveness
of the fabrics more than strengthening of an undamaged concrete structure.
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Figure 2.31. Mounting of the TRC strengthening system. Courtesy of A. Brueckner, 
Dresden University of Technology.

Table 2.8. Strengthening effect of flexural strengthened concrete beam with TRC system. 
Ultimate failure load divided by failure load of unstrengthened beam.

AR-glass, Af = 143
mm2. No coating

AR-glass, Af = 143
mm2. Polymer

coating

Carbon fibre, Af = 
50 mm2. Polymer

coating
Strengthening effect 1,51 1,86 1,86

There are numerous references on the development of TRC. Computational models
can be found in (Holler et al., 2004), analytical solutions of tensile response of the TRC
in (Mobasher et al., 2006) and (Zastrau et al., 2003), stochastic modelling in (Chudoba 
et al., 2006) and in the companion paper (Vorechovsky and Chudoba, 2006), and a
description of a technical information system for collaborative material research on the 
TRC in (Chudoba et al., 2004). 

Fibre reinforced cement (FRC) 

This strengthening system is comprised of a fibre sheet or fabric that is impregnated
with a cement based matrix. Combining the cement slurry and the different fibre
geometries will result in a thin composite sheet. Depending on the geometry of the
fibres and the strengthening purpose, the composite plates can be made as thin as 2 
mm; see Figure 2.34. Composites of ultra high performance, fibre reinforced cement 
plates have excellent durability and ductility properties during flexural tests; see Figure
2.32 and Figure 2.33. The mounting of this strengthening system differs from the
MBC and TRC strengthening systems. The sheet or fabric is cut into chosen 
dimensions and the fibre geometry is submerged into cement slurry (matrix) for full
penetration. The impregnated sheet or fabric is then removed from the slurry and
immediately bonded to the concrete surface. The performance of this system is 
investigated in both confinement and flexural strengthening of concrete specimens (Wu 
and Teng, 2002; Wu, 2004; Wu and Sun, 2005). 
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Figure 2.32. Composite plate with a 
thickness of 4,8 mm. Courtesy of H. C. Wu 

Figure 2.33. Composite plate with a 
thickness of 3,2 mm. Courtesy of H. C.
Wu

tes with mono-axial fibre sheets. From bottom, 2, 3
and 4 mm of thickness (Wu and Teng, 2002) 
Figure 2.34. Cement based composite pla

The competitive product to cement based strengthening is epoxy bonded fibres; hence,
comparing epoxy bonded products to the cement based composites would be of 
interest. In (Wu, 2004) and (Wu and Sun, 2005), both confinement and flexural
strengthening were performed. The fibre material used in both studies was based on 
continuous carbon fibres without matrix. For strengthening with confinement of
concrete cylinders a carbon fibre sheet was used. The height of the cylinders was 203 
mm with a diameter of 102 mm. The test set-up of the cylinders was in accordance to
ASTM C39-96 (compression strength test on cylindrical specimens). The epoxy based
strengthening system (CFRP) was wrapped around the cylinders and anchored with a 
bond length of 51 mm, the total thickness of this strengthening system was 2-3 mm. 
The cement based strengthening system (CFRC) was applied as described above with
two layers of carbon fibre. The CFRC composite sheet was wrapped around the
cylinder as with the CFRP strengthened specimens. However, the bond length of this
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system was 76 mm with an average thickness of 3 mm. Gaps of 38 mm were left at the
bottom and top of the concrete cylinders for both strengthening systems; see Figure
2.35. The results indicate a higher compressive strength and higher ductility for the
CFRP specimens. However, no major differences between the CFRP and the CFRC
systems were noticed. The unconfined concrete cylinders had a compressive failure of 
54 MPa and a deflection of 2 mm, whereas the compressive strength for CFRC
strengthened specimens were 105 with a deflection of 8 mm.

Figure 2.35. Confinement of concrete cylinders, to the left epoxy bonded CFRP and to the 
right CFRC wrapped specimen (Wu and Teng, 2002) 

Concrete beams have also been strengthened in flexure with the FRC system. Here, a 
comparison with epoxy bonded carbon fibres was conducted. The flexural test set-up is 
three-point bending according to ASTM C78-75 (rectangular beam specimen
subjected to a three point load case with two shear spans and a maximum bending
moment in the mid-point of the beam specimen). In comparison to the confinement 
strengthening, the fibre geometry changed from a sheet to a two dimensional/biaxial
carbon fibre grid without any matrix. The volume content of fibres in the composite is 
4.2% for both strengthening systems. Both CFRP and CFRC composites were bonded
to the tensile side of the concrete beam. The test set-up for the CFRC beam can be
seen in Figure 2.36. The non-reinforced and non-strengthened concrete reference
beam displayed brittle failure due to lack of tensile reinforcement. An increase in both 
flexural strength and deflection occurred in both of the strengthening systems.
However, the epoxy bonded strengthening system exhibited the highest increase in 
flexural strength. Failure of the beams with the epoxy bonded carbon fibres started
with the formation of several cracks in the concrete as the load increased. The crack 
formulation gradually propagated to the bond zone between the concrete and epoxy 
adhesive. A typical peeling phenomenon then propagated through the transition zone
between the base concrete and adhesive, with failure finally occurring as crushing of
the concrete under the line load. Concrete beams strengthened with the CFRC system
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behaved differently with primarily one flexural crack and final failure due to rupture of 
the CFRP composite; see Figure 2.36. No bond problems were noticed in the
transition zone between the base concrete and cement based bonding agent. The
flexural strength of the CFRC system is greatly inferior compared to the CFRP system,
though larger than the non-strengthened reference beam. The strengthening effect, i.e. 
ultimate failure load of the strengthened specimen divided by the failure load of the
reference beam for both confinement and flexural strengthening, is recorded in Table 
2.9. It is not stated in Wu and Sun (2005), but the large difference in strengthening
effects between the cement based and epoxy based flexural strengthening could be due
to slippage of the fibres in the cement matrix. The fibres can be anchored by wrapping
for the confinement strengthening, thus leading to similar strengthening effects when 
comparing the two strengthening systems. Slippage of the fibres originates from the
poor bond in the cement matrix. A better bond to the fibres can be achieved when
using epoxy bonding agents.

Figure 2.36. To the left, three point flexural test set-up and to the right, failure of CFRC
beam (Wu and Sun, 2005)

ilar epoxy bonded
strengthening system, ultimate failure values from Wu and Sun (2005). 

Co t/
Cement Cement

Co
E

F
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Table 2.9. Strengthening effect of both the FRC system and sim

nfinemen Flexural/ nfinement/
poxy

lexural/
poxy

Stre ing
effect

1,85 2,03 1,94 4,65ngthen

Textile reinforced mortar (TRM)

This system is very similar to the TRC strengthening system. The fibre textiles used for 
strengthening purposes are made of carbon fibre and the bonding agent is a polymer 
modified mortar. In this study, the evaluation of shear strengthened concrete beams
was undertaken based on (Triantafillou and Papanicolaou, 2005). The base concrete 
beam specimens to be strengthened were 2600 mm long and with a cross section of 
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150 x 300 mm2. The base concrete specimens were reinforced with steel rebars, both 
flexural and in the shear span. The steel reinforcement scheme is recorded in Figure
2.38 together with the four point bending test set-up. In (Triantafillou and
Papanicolaou, 2005), both epoxy and a cementitious based bonding agent were used. 
This study had three variables, viz. bonding agent (epoxy or mortar based), number of
layers of textile (1 or 2 layers) and the alignment of the textiles; see Figure 2.37. 

A. Vertical alignment B. Spirally alignment

wrapping the textile at an inclination of 10°
(Triantafillou and Papanicolaou, 2005). 

Figure 2.37. Application of the TRM strengthening system. A) wrapping of the textile in
vertical/horizontal direction. B) Spirally

Figure 2.38. Reinforcement scheme for the base concrete specimens (Triantafillou and 
Papanicolaou, 2005).
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The carbon fibre textile used in the TRM strengthening system equalled the quantity
of high strength rovings in the two orthogonal directions. Each roving is stitched
together by a secondary polypropylene grid. The design of the textile is recorded in
Figure 2.39. The total weight of carbon fibres in the textile are 168 g/m2, elastic
modulus 225 GPa and tensile strength 3350 MPa. 

Figure 2.39. Design of the carbon fibre textile used in the TRM system, (Triantafillou and 
Papanicolaou, 2005).

Bonding agents used in the study were a structural epoxy adhesive and a polymer
modified mortar. The two component epoxy adhesive had a tensile strength of 30 
MPa and an elastic modulus of 3.8 GPa. The mortar consisted of a cementitious
binder with the addition of polymers (10:1). An assessment of the mortar was done by 
a hand lay-up technique using a trowel to apply the mortar layers onto the base
concrete surface and the textiles. The thickness of the mortar layers ranged from 1.5-
2 mm, with the number of layers depending on the number of textile layers used.

All of the evaluated concrete beam specimens were statically loaded until failure with a 
displacement rate of 0.01 mm/sec. One unstrengthened control beam was used as a 
reference. The beam specimens evaluated in this literature study are recorded in Table 
2.10. Note that specimens R2, M2, M2-s and R1 indicated that the shear failure was
suppressed and the ultimate failure was dominated by flexure. Common to all of the
previously mentioned specimens is that the shear resistance was increased by a factor 2.
Specimen M1, a strengthened reinforced concrete beam using one layer of carbon fibre 
textile bonded with mortar, failed in shear like the reference beam, but with a
strengthening effect of 1.71. This was somewhat lower than the strengthened
specimens using epoxy bonding agents. The shear failure using mortar bonded carbon
fibres could be detected visually, which is not possible when using epoxy bonded 
fibres. This is a desirable property as it permits onsite damage control assessment when 
strengthening real structures (Triantafillou and Papanicolaou, 2005). 
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Table 2.10. Summary of evaluated beam specimens.

Specimen Strengthening Bonding
agent

Peak force 
[kN]

Failure
mode

Strengthening
effectA

C - - 116,5 Shear -
R2 2 layers of textile

vertically wrapped
Epoxy 233,4 Flexure 2,00

M2 2 layers of textile
vertically wrapped

Mortar 243,8 Flexure 2,09

M2-s 2 layers of textile
spirally wrapped

Mortar 237,7 Flexure 2,04

R1 1 layers of textile
vertically wrapped

Epoxy 261,9 Flexure 2,24

M1 1 layers of textile
vertically wrapped

Mortar 200,1 Shear 1,71

A Calculated as maximum peak load divided by peak load of the reference beam
A suggestion on how to model the TRM contribution to the shear resistance is shown
in Papanicolaou et al. (2006). This model is based on the truss analogy, see also the 
proposed model in Triantafillou (1998) and Triantafillou and Antonopoulos (2000). It 
is proposed to assume that the textile is made of continuous fibre rovings in two
orthogonal directions, with fibres in each direction, i, forming an angle, i, with the
longitudinal axis of the member. The contribution of the TRM strengthening system is
proposed to be written as (using the same notations as in Papanicolaou et al. (2006)). 

ii
i

fibite
i

ti
t dE

s

A
V sincotcot9,0

2

1
, 2.72

where

fibE is the elastic modulus of the fibres 

d is the effective depth of the cross section

tiA is twice the cross section area of each fibre in the direction i

is is the spacing of rovings along the member axis 
is the angle between the inclined shear crack and the member axis

ite,
is the “effective strain” of the TRM in the direction i. This may be 
thought of as the average strain in the fibres crossing the diagonal 
crack when shear of the member occurs

No further development of the “effective strain” was presented for the proposed
model. But it is noted in Papanicolaou et al. (2006) that the average strain across the
shear crack reached approximately 50% of the fracture strain of single fibres obtained
from experimental tests. It is also noted that the effectiveness of the fibre used in the 
M1 specimen, see Table 2.10, was approximately 50% compared to the epoxy bonded
specimen R1.
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3 Analytical model for shear force contribution

3.1 Design suggestions for the MBC strengthening system 

When using mineral based bonding agents for strengthening concrete structures the
bond to the original structure is essential. The bond in the transition zone between old
concrete and applied mortar might be inferior due to the nature of the mineral based
bonding agent, e.g. drying shrinkage, need of certain surface roughening methods just
to give some examples.

When studying the design of the mineral/cement based strengthening system there are
many unsolved issues, for example the bonding agent and mechanical interlocking
between the composite tows or FRP and the bonding agent. There may be many
different approaches on how to solve these issues. A fracture mechanical bond model
approach might be one way to develop the fundamental understanding of bond
between the MBC systems and the structural component. This will be an issue for
further research. On a mechanical level the contribution to the shear force capacity 
must be possible to calculate. For externally bonded epoxy systems many design models
exists – but how to calculate a proper design are still debated, see chapter 2, The 
research in the MBC area is quite new and model development has not reached the
same level as for externally bonded epoxy systems.

When comparing the epoxy and mineral based bonding agents there are some 
fundamental differences, first the thickness of the bonding layers are essentially
different. With an epoxy based strengthening system thin bonding layers, with well 
defined adhesive thickness, are quite easy to achieve. When using mineral based 
bonding agents, thick bonding layers are built up. In addition to this, epoxy adhesives
can resist large deformations at loading while the cementitious bonding agents are
much stiffer and can not deform very well. Also the epoxy based systems penetrate the 
concrete surface and by using low viscosity systems a penetration of several millimetres
are possible, this is not the situation for the MBC systems. However MBC systems
have similar material stiffness as the base concrete which gives a better compatibility for 
strengthening. This gives a different behaviour at force transfer, where less slip in the
bond zone occur for the MBC system compared to externally bonded epoxy based
systems. In epoxy based systems the only contribution to the shear force capacity is 
considered to be the contribution from the fibres. However, when using thick layers of 
mortar, the contribution of the mineral based bonding agent, VMBA, should be counted
for. The super positioning principle can then give the following expression for the
shear capacity.
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The shear contribution of the mineral based bonding agent could be dealt with in the
same way as an increase of the concrete cross sectional area, if the mechanical
properties are the same. There are consequently many unsolved questions regarding the
shear force contribution from the MBC system. In this thesis the aim has not been to
develop a new design for MBC shear strengthening, but still an estimate to the shear
force capacity needs to be discussed. 

In this section a simplified model for calculating the FRP contribution to the shear
bearing capacity, VFRP, is proposed and discussed. Further, a proposal on how to 
calculate the mineral based bonding agent’s contribution to the shear bearing capacity,
VMBA. The basic theoretical approach is based on earlier models for epoxy bonded FRP 
such as Carolin (2001), Carolin and Täljsten (2005), Chen and Teng (2003) and the 
truss model described in the precious chapter. The shear contribution of the mineral
based bonding agent is analogous to the design model for the concrete contribution,
see eq. 2.10 chapter 2. 

3.1.1 Shear contribution of vertical CFRP tows 

As earlier mentioned, the situation in the MBC system differs from the strengthening
system with the use of CFRP sheets or plates. In the MBC system the grid geometry is 
fixed with horizontal tows going in the longitudinal direction of the beam and vertical
tows going in the transverse (perpendicular) direction, see Figure 3.1. The design of
the system is for now limited to this scheme, but development of the shape of the grid
geometry is currently being done. By letting the orthogonal tows be inclined at an
angle perpendicular to the shear crack will give better utilization of the orthogonal
CFRP tows. One conservative way of approaching the analytical design of the shear
capacity is to assume that only the vertical tows are contributing to the shear capacity,
this is a conservative approach. The horizontal CFRP tows might have a synergy effect 
and contribute to the shear capacity. But for now a basic design proposal based on 
similar analogy as for steel shear reinforcement, see chapter 2, will be presented. This is 
a straightforward way of approaching the design of the MBC shear strengthening
system used in this thesis.
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Figure 3.1. Principal strain distribution along a shear crack 

By assuming that only vertical CFRP tows contributes to the shear bearing capacity a
basic geometrical model describing the forces acting along a presumed shear crack is
proposed in Figure 3.2. 

Figure 3.2. Shear capacity contribution for the vertical tows 

This way of approaching the contribution for the CFRP grid to shear capacity can be 
derived similar to the traditional design of steel stirrups to the shear force capacity. The 
shear crack will be developed in the compressed concrete strut with the principal strains
perpendicular to the crack surface, see Figure 3.1. If the contribution of the vertical
tows is derived in the same manor as for steel reinforcement, then the sum of all
vertical forces along the assumed shear crack is the shear contribution of the vertical
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tows, see Figure 3.2  is the crack angle. Vertical force equilibrium for the four point 
beam bending load case gives.

ver

x

NdxxqV
0

3.2

where

n

i
iverver NN

1
, 3.3

verververiver AEN ,

q(x) is the distributed load

ver
is the strain in the vertical tow

verE is the modulus of elasticity for the vertical tow

verA is the cross sectional area of the vertical tow

When studying the shear capacity design of steel stirrups in BBK 2004, a strut and tie 
model is used, giving the following guideline to the forces from each stirrup bridging 
the shear crack. All stirrups are assumed to yield. 

sincotcot
s
z

fAV svsvS 3.4

where

Asv is the cross sectional area of the stirrup

fsv is the utilized stress in shear reinforcement

z is the internal lever arm for steel shear reinforcement, set to be
0,9d if detailed calculations lacks 

s is the stirrup distance

is the inclination of shear crack

is the inclination of the stirrups, 90° if the stirrups are vertical

As mentioned earlier, see chapter 2, the uneven distribution of the strains over the cross
section together with the fact that the CFRP is linear elastic up to failure will cause an 
uneven strain and consequently force distribution in the CFRP grid. This uneven strain
distribution will not be an issue when steel stirrups are used since the steel is considered
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to yield in the ultimate limit state and the strain distribution over the shear crack will 
have a parabolic shape, see Figure 3.1. One way of dealing with this problem when 
using CFRP is by using an effective strain and generalising the strain distribution over 
the shear crack, see also design proposals in chapter 2. A fibre utilization factor is 
introduced, , to consider the distribution, see Carolin (2003) and Carolin and Täljsten
(2005). Since all of the CFRP tows bridging the shear crack never reach the maximum
failure strain at the same time the reduction factor is multiplied to the failure strain to 
compensate for the non uniform strain distribution. The contribution of the vertical
CFRP tows can be obtained analogous to the model on how to calculate the
contribution of the steel shear reinforcement to the shear bearing capacity. VFRP for the 
vertical CFRP tows can then be expressed as, note that the factor 2 originates from that 
the MBC strengthening system generally is applied on both sides of the beam. For a
detailed description on how the mineral based system is designed, see chapter 5. 

ver

efververefver
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where

ver,ef is the effective strain generalised over the shear crack

sver Is the distance between the vertical CFRP tows

hef is the effective height on which the MBC system is taking shear
forces.

is the inclination of shear crack

The effective strain can be expressed as eq. 3.6 considering the strain reduction factor
.

ultverefver ,, 3.6

where

ver,ult is the ultimate strain in the vertical CFRP tows

One way of analytically obtaining this reduction factor considering only the vertical
CFRP tows can be done by examining the shear stress distribution in a beam. The
shear stress formula for the simplified case with rectangular cross sections and for simply 
supported beams may be obtained by modifying the shear flow formula, given in 
Popov (1999) as. 

tI
QV

3.7
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where

V is the total shear force at a cross section

I is the moment of inertia of the whole cross section about the
neutral axis 

Q is the statical moment around around the neutral axis of a partial
area of the cross section to one side of the imaginary longitudinal
cut, see Figure 3.3 

t is the width of the imaginary longitudinal cut, usually equal to the
thickness or width of a selected member

For beam with a solid rectangular cross section transmitting a vertical shear, V, the 
shear stress could be expressed as by using eq. 3.4.

dAy
tI

V
tI
QV

abcdofArea

3.8

Figure 3.3 shows the cross sectional area with the selected imaginary longitudinal cut. 
The imaginary longitudinal cut, through the beam at a distance y1 from the neutral
axis, isolates the partial area abcd of the cross section.

averaget =b dy
a d

b c y
y1 h

max

Figure 3.3. Shear stresses acting on a beam with rectangular cross section. 

Here t=b and the infinitesimal area of the cross section may for convenience be express
as b·dy. By using eq. 3.7 and 3.8 the horizontal shear stress can be obtained at the level 
y1 of the beam in Figure 3.3. By using the equilibrium requirements for a infinitesimal
element, xy= yx. Then numerically the horizontal shear stress is equal to the vertical
shear stresses that act in the plane of the cross section, thus eq. 3.8 will then be
expressed as. 
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By studying this equation is it clear that the shear stresses (both horizontally and
vertically) varies with a parabolic shape, with zero stresses on both the upper and
bottom side of the beam. The maximum shear stress can be found by derivation of 3.9 
and equalize to zero.

0
1dy

d
3.10

By doing so the maximum shear stress is found when y1 is equal to zero, in the neutral
axis of the beam with a rectangular cross section. The maximum shear stress can then
be expressed as.
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hVh
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By using the moment of inertia for a rectangular cross section I=b·h3/12 and that the
cross sectional area A=b·h the maximum shear stress can be simplified as. 
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The average shear stress acting on the plane of the cross section is equal to the total
shear force, V, acting on the cross section divided by the cross sectional area A.

A
V

average 3.13

Dividing the average shear stress by the maximum shear stress will give an indication
on how large the fibre utilization factor, h, will become. 
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Using this reduction factor the contribution for the vertical CFRP tows can be
expressed as, using eq. 3.5, 3.6 and 3.14. 
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This design proposal is valid for beams with rectangular cross section. An evaluation of
this design proposal is shown in chapter 7 and chapter 8.

3.1.2 Shear contribution of mineral based bonding agent 

The shear contribution of the mineral based bonding agent is shown in Figure 3.4. In 
the proposed approach, see eq. 3.1, using the super positioning principle the mineral
based bonding agent is regarded as an unreinforced structural element. In reality the
bonding agent is reinforced by the CFRP grid. For simplicity in this basic model, on 
calculating the shear contribution by the MBC system, the reinforcing effects of the 
CFRP grid is neglected. 
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Figure 3.4. Mineral based bonding agentStrengthenSide bonded 

Since the CFRP grid contribution to the shear resistance is derived for a rectangular
cross section this will also be the case for deriving the shear contribution from the 
mineral based bonding agent. Considering a rectangular cross section, the maximum 
shear stress in the cross section is given in eq. 3.12. The maximum shear stress is 
located in the point of gravity, as shown in Figure 3.3, and has the same size as the
maximum principal tensile stress. In BBK 2004 it is stated that no reinforcement is 
needed if the principal tensile stress is less than 0.5 fct. By using this in eq. 3.12 the shear
contribution for the mineral based strengthening system, assuming the mineral based
bonding agent perform in the same way as for concrete, can be express as. 
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where

tMBA,tot is the total thickness of the mineral based bonding agent. For side 
bonding on both sides of the beam this would be equal to 2tMBA

hef effective height on which the MBC system is taking shear forces.

fMBA,t is the tensile strength of the mineral based bonding agent

77





Probabilistic approach 

4 Probabilistic approach

When a structural engineer uses different codes or standards for design, many of the 
material properties are reduced through the use of partial factors. The loads are also
subjected to partial factors to increase design loads so that the structural elements will 
be designed with the desired safety margin. A majority of the design codes or standards
available, e.g. Eurocode or national guidelines such as “Boverkets konstruktionsregler
2004” in Sweden, use partial factors to develop structures with sufficient durability and
safety over the entire life of a structure. Instead of undertaking design using partial
factors, a full probabilistic analysis can be made, fib bulletin 3 (1999). The analysis then 
consists of stochastic variables with statistical values and distributions.

This chapter will clarify how to determine structural reliability on some of the existing
probabilistic methods. The probabilistic approaches that will be briefly explained are
Monte Carlo method (MC), First Order Reliability Method (FORM) and The 
Hasofer-Lind (HL) safety index. A probabilistic evaluation of the proposed shear
strengthening design method for MBC, see chapter 3 will be presented in chapter 8. 

4.1 Probabilistic design methods

Structural safety should always be imbedded in design codes. There are many
definitions of the terms ”risk” and “safety”. When using a probabilistic approach, risk
could be defined as an unwanted occurrence and its probability under a defined time
period. In this content, safety could be regarded as a state with no or small but known
risks. Structural design often uses two parameters defining the structure, resistance, R, 
and the load effects, S. Structural safety in most design codes are valid if: 

0SR 4.1

In a design based on the suggestion above, the structural engineer uses deterministic
values in the proposed design methods. If these values are chosen as stochastic variables,
the equation above can then be rephrased to describe the probability of failure.

0SRPp f 4.2

where

pf is the probability of failure

Assuming that R and S are two random stochastic and independent variables with
known distribution functions, FR for the ultimate strength R, and FS for the load effect 
S. However, it is imperative that R and S have the same dimensions, e.g. load and load
bearing capacity, or moment and flexural strength. For a randomly selected structural
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member with the above known distribution functions the probability of failure, pf, can
be expressed as:

dxxfxFSRPp SRf 0 4.3

This can best be explained by plotting the density functions of R and S, Figure 4.1. 
The probability for a load effect, S, to fall within an infinitesimal interval, dx, at x is 

dxxfS 4.4

The probability that R falls in or under the interval, dx, can then be expressed by

x

RR xFdxxf 4.5

The probability that S will then fall within the interval, dx, when R x, e.g. that eq. 4.4
and 4.5 occurs simultaneously, will be expressed by the product 

x

RS dxxfdxxf 4.6

The total probability that R S will then be 

dxxFxfdxdxxfxfp RS

x

RSf 4.7

Note that this is not, like the common misjudgement that pf is the surface where fR and 
fS coincide. A limit state can defined as eq. 4.8 and a failure function as eq. 4.9. 

SRG 4.8

srsrg ),( 4.9
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Figure 4.1. Arbritrary distributions of the structural resistance, R, and the load effect, S. After
Thoft-Christensen and Baker (1982).

4.1.1 Monte Carlo method (MC)

In general, Monte Carlo Methods are widely used computational algorithms to
simulate the behaviour of a certain known but stochastic system. For each uncertain
variable (one with a range of possible values), possible values with a probability
distribution have to be defined. The type of selected distribution is based on the
conditions surrounding that variable. Different distribution types are recorded in Figure 
4.2.

RectangularNormal LognormalTriangular

Figure 4.2. Different examples of distribution types that can be used in Monte Carlo
methods.
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This section will focus on describing one of the Monte Carlo methods used in the
computational software, VaP (Variable Processor), used in the analysis in chapter 8. 
This Monte Carlo simulation is named Crude Monte Carlo methods (CMC) and 
provides random and impartial sequence realisations of the limit state function in the
failure domain. This means that random values are created in pairs from the R and S
distributions and each pair of values is compared. If R<S, failure occurs and the result
will be 1, otherwise it will be 0. This leads to an approximation of the failure 
probability. In VaP this is mathematically defined by an indicator function I() that
returns 1 if G(x) 0, otherwise it returns 0. An approximation about the failure
probability and variance is given by. 

0
1^

xGI
N

pp ff 4.10

fff pp
N

pVar 1
1^ 4.11

4.1.2 First Order Reliability Model (FORM) 

The total probability that R S, eq. 4.7, can be visualized by plotting the probability
functions of R and S distributions, thus giving a three-dimensional view of the failure
density, as shown in Figure 4.3. Here, the safe and unsafe states can be established by
setting the limit state G=R-S=0. The volume of the region defined as R-S<0 is the
probability of failure. The design points r* and s*, or failure points as accounted for in 
the VaP analysis in chapter 8, are located on the limit state line G=R-S=0, where the
failure density is at its highest level. The probability for failure is highest at these points.
This is also further described in the next section for the Hasofer-Lind safety index.
Note that the example in Figure 4.3 shows two normal distributed variables. In the 
figure the tails seem to have finite ends, though in reality the ends are infinite and the
figure should only be looked upon as an explanatory figure. 
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Figure 4.3. Two randomly joined density functions for the resistance and the load effect, 
fRS(r,s).

Assume that both R and S are normally distributed and statically independent variables

RRmNR , 4.12

SSmNS , 4.13

Where m is the mean value and  is the standard deviation

The safety margin is then defined as

RRmNSRM , 4.14

If both R and S are normally distributed then the same goes for M 

MMmNM , 4.15

Where

SRM mmm 4.16

22
SRM

4.17

Failure occurs when M<0. The region where M<0 can be seen as the safe side. The 
normal distribution of the safety margin is recorded in Figure 4.4 
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Figure 4.4. Arbitrary safety margin plotted as normal distributed. Failure occurs at M<0, 
shaded area. 

The density function for a normal distributed M can be expressed by

2

2

2

2

1
M
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M
M exf 4.18

The probability that M<0 is given by 
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By letting, 
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y
M

d

M
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4.20

By inserting y in Eq. 4.19.
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Where  is the standardized normal distribution function and  is the safety index.
Another way of calculating this safety index is shown below by using the HL method.
The probability density function for M<0 has a mean value, m, of 0 and a standard
deviation, , of 1; see Figure 4.5. In this case where R and S are normally distributed 
the safety index, , with the use of Eq. 4.16 and 4.17 can be expressed by. 
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4.22

This example is shown for normally distributed R and S, it is also possible to determine 
the safety index with other distributions of the variables. This is, however, not shown
in this thesis, but rather in a comprehensive description by Melchers (1999). 
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Figure 4.5. Normalized distribution with the mean value in the origin and with a standard
deviation of 1.
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4.1.3 Hasofer-Lind safety index

How to obtain the Hasofer-Lind (HL) safety index can be divided into different parts.
First, all of the primary variables have to be normalized. Second, if the primary
variables are correlated, the failure function must then be transformed so that the
primary variables are independent of each other. Third, the safety index, , can be 
obtained by iteration. A basic example on how to obtain the HL safety index is 
described below. Normalisation of the primary variables X1, X2,…Xn are obtained by 
letting

1,0

,

NZ
mX

Z

mNX

i

i

ii

X

Xi
i

xxi

4.23

The primary variables have now been normalised to have the mean value in the origin
(0) and a standard deviation of 1.

The failure function and the safety margin with the normalised primary variables can be 
expressed as 

n

n
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,...

,...

1

1
4.24

The HL safety index, , is defined as the shortest distance from the origin (0) of the z-
coordinate system to the failure surface, given by the failure function g(z1,…zn). In 
Figure 4.6 an example with two primary variables is shown, where the failure function
is then expressed by g(z1,z2)=0.
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Figure 4.6. Non-linear failure function. Normalised variables, Z1 and Z2 are N(0,1).

In Figure 4.6 the failure surface, which can be non-linear, is approximated with a linear
failure surface, g*(z1,z2)=0. The design point (failure point) with the highest probability
of failure is then approximated with g·( 1 , 2 ).  is also known as a sensibility factor,
and will be explained further in this section. The normal vector from the origin to the
failure point, ( 1 , 2 ), on the failure function g(z1,z2)=0 is given by the vector. 
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The length of the vector is given by 

2

2

21

2

1

21 ,,
z

g
z

g 4.26

This vector coincides with the unit vector ( 1, 2) in the failure point 
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When there are n number of variables, this calculation has to be done for all primary
variables (n) to obtain the respective sensitivity factor up to n.

The sensitivity factors, , can be seen as the distance where failure is most likely to 
occur in the distribution of the normalised variables, Z. Hence, if the value of  is 
large, then the failure point is located further away from the expected mean value of
the distribution of Zi. If this were to correspond to the structural resistance, a high
value would indicate that the failure point is located significantly below the expected
distribution. As an example using the two dimensional case in Figure 4.6 the failure
point ( 1 , 2 ) shows where on the distributions, fZ1 and fZ2, failure occurs, i.e. the 
number of standard deviations from the mean value. The structural resistance and the
load effect generally consist of several primary variables. Non-linear iterative methods
are mostly used to obtain the HL safety index, , while the Newton-Raphson method
usually gives a good convergence for sensitivity factors. Computer programs are 
therefore a necessity. In chapter 8, VaP is used to calculate the FORM and HL safety
index and sensitivity factors.

When the sensitivity factors and the safety-index are known, the failure points can then
be approximated for the respective primary variable. Taking a two dimensional case
where Z1 represents the resistance R and Z2 represents the load effect S, the failure
points, r* and s*, can be calculated accordingly if 

R and S are normal distributed 
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R and S are lognormal distributed 
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Finally, if the sensitivity factors and safety index are known, it is also possible to obtain
the reduction factors or coefficients similar to those used in most design codes. An 
example of how to obtain the reduction coefficient of a normal distributed variable is
shown below, Eq. 4.31, which is designed for the 5% lowest values. Table 4.1 also
shows how the size, if the safety classes correspond to failure probability and safety
index, is used in the Swedish design codes, Boverkets konstruktionsregler 94.

n

Xm

n

yk
yd

Xf
f

65,1
4.31

By rephrasing eq. 4.31 the design point can be rewritten as.

Xmyd Xf 4.32

Equating eq. 4.31 and 4.32 gives the reduction coefficient, valid for a normal
distributed variable design for the 5% lowest values.

65,1n 4.33

Table 4.1. Safety classes, failure probabilities and safety index. 

Safety class Probability of 
failure, pf

Safety index,

1 10-4 3,72
2 10-5 4,26
3 10-6 4,75

A probabilistic evaluation of the shear bearing capacity for shear strengthened concrete
beams using the MBC system is shown in chapter 8. In this evaluation the significance
of all geometrical and material variables is analysed using the theory described in this
chapter.
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5 Experimental program

5.1 Introduction

Strengthening of concrete structures has been a part of the research strategy at the
Division of Structural Engineering at Luleå University of Technology in Sweden since 
the end of the 1980s. Previous studies, such as (Täljsten, 1994); Carolin, 2003; Nordin 
2001 and Bergström, 2006), have used epoxy to externally bond reinforcement of steel 
or FRP to a concrete structure for both flexural and shear strengthening purposes. This 
chapter describes tests with the use of the MBC strengthening system and comparisons
to some of the referred tests. A brief pilot study on flexural strengthening and a more 
comprehensive study on shear strengthening using the MBC system will also be
presented. The presentation includes experimental set-up, specimen design, 
monitoring, materials used and the mechanical properties of these materials.

5.2 Assembly of the MBC system 

The MBC system used in this research contains basically three material components – a 
cementitious binder, a CFRP grid and a concrete surface primer. The cementitious 
binder in this study constitutes three different polymer modified mortars, three different
two-dimensional CFRP grids and one surface primer. Generally, the surface of the base
concrete needs to be roughened, e.g. sandblasting or water jetting, to remove the
cement laitance and achieve a good bond between the base concrete and the mortar.
The surface preparation method for all test specimens in this thesis was sandblasting. In 
the laboratory environment a hand lay-up method was used to apply the MBC. This
method includes pre-wetting the base concrete with water for 1-3 days depending on 
the conditions of the base concrete and the surrounding climate. The number of days
to pre-wet the base concrete is difficult to interpret and must be judged on site. The
moisture conditions in the transition zone between the base concrete and mortar are
further discussed in (Carlswärd, 2006). The best bond is obtained when the base
concrete has just dried back from a saturated surface. (Courard, 2005) notes that an RH
of 80-90% in the transition zone gives better bond than a dry base concrete surface at
RH 50%. An excessively wet surface will result in a high local w/c-ratio at the bond
interface and a base concrete that is too dry will absorb too much moisture from the
mortar. Prior to mounting the MBC system the base concrete surface has to be primed
using a silt-up product (primer) to prevent moisture transport from the wet mortar to
the base concrete. A first layer of mortar is immediately applied to the primed surface.
Next, the CFRP grid is placed on the first layer of mortar followed by an additional
layer of mortar is applied on the grid. The thickness of the mortar layer will be
discussed further in this section. The hand-lay up method, after sandblasting, is shown
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in four steps in Figure 5.1. All of the evaluated specimens are strengthened with the
MBC system using the hand lay-up method in laboratory conditions of 20°C and 60%
relative humidity (RH). 

A B C D

Figure 5.1. Hand lay-up of the MBC strengthening system. A) surface primer, B) first layer 
of mortar, C) placement of CFRP grid and D) last layer of mortar.

When strengthening large parts of structures, the hand lay-up method might be too
time consuming and uneconomical depending on the size of the project. Figure 5.2 
shows the strengthening of a balcony for flexure. The mortar is applied by shotcreting.

A B C

D E

Figure 5.2. In-situ production method for the MBC strengthening system. A) Balconies to be 
strengthened, B) Concrete surface to be strengthened, studs applied, C) first layer of mortar is 
being sprayed, D) Mounting of the CFRP grid to the studs and E) Last layer of mortar is
being sprayed.
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These balconies were strengthened on the bottom side of the slab. This involves 
mounting the MBC system vertically from below. The production method generally
consists of the same procedure as the laboratory hand lay-up method. However, to
prevent the CFRP grid from falling down, a number of studs are nailed to the base
concrete surface that the grid is fastened to after the first layer of mortar has been
applied. The first mortar layer is applied by spraying and the peak of the studs act as a 
maximum distance measurement to ensure that the right mortar layer thickness is being
obtained. The CFRP grid is then glued onto the studs and a second layer of mortar is 
sprayed on. Prior to applying the mortar the surface was roughened by sandblasting and
then primed. 

5.3 Materials and mechanical properties

In this section, all of the materials included in the MBC strengthening system used in 
the laboratory tests will be explained. Note that the mechanical properties given are
values provided by the manufacturers. The nominal values tested in the experimental
program are shown in chapter 6 and appendix A. 

Primer

The used primer is a one component, cement based and polymer reinforced powder
material mixed with water. The primer is used as a silt-up product prior to casting an 
overlay to achieve enhanced bond in the transition zone. Material properties for the
primer are recorded in Table 5.1. The mixing ratio is given as weight proportions.

Table 5.1. Material properties and mixing ratio for the primer.

Density
[g/cm3]

Maximum grain
size [mm] 

Mixing ratio
primer:water

Primer 2.020 2 1:0.22

Mortar

In total, four different commercially available mortars were evaluated in this study. All
mortars are one component cement based and fibre reinforced with polypropylene. 
Their differences are based on the addition of polymers and reinforcing fibres. All
mortars are not suitable for spraying. Table 5.2 is a comprehensive overview of all the
evaluated mortars in the laboratory test, including material and mechanical properties,
mixing ratios and grain size. The mixing ratio are given as mortar to water (m:w) in
weight proportions. Tensile strength for the mortars is taken as bending tensile strength
according to DIN EN 196-1, manufacturer provided values. Both compressive and
tensile strengths are taken for 28 days. Mortar 1 is a fast hardening repair and fine grain
mortar. Mortars 2-4 are polymer modified and fibre reinforced with polypropylene
fibres. Mortar 4 can be applied by dry spraying. The minimum layer thicknesses for the 
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mortars are 3.0 mm (mortar 1), 3.0 mm (mortar 2), 6.0 mm (mortar 3) and 9.0 mm
(mortar 4). 

Table 5.2. Material and mechanical properties for evaluated mortars, manufacturer provided
values.

Density

[g/cm3]

Maximum
grain size

[mm]

Mixing
ratio

m:w

Tensile
strength

[MPa]

Compressive
strength

[MPa]

Modulus
of

elasticity
[GPa]

Mortar 1 1.85 0.8 1:0.16 5.0A 3.0B 22 18.0

Mortar 2 1.89 1.0 1:0.16 9.0A 5.4B 45 26.5

Mortar 3 2.00 2.0 1:0.14 11.0A 6.6B 77 35.0

Mortar 4 2.20 3.0 1:0.11 10.0A 6.0B 64 35.5

A Bending tensile tests according to DIN EN 196-1
B Tensile strength recalculated by reducing the bending tensile strength with 0,6 according to 
Betonghandboken (1997) 

CFRP grid 

Three different two-dimensional CFRP grids were used to evaluate the response when
incorporated in the MBC system. The two different tow directions with different 
properties in each tow direction are common to all grids. The design of each CFRP
grid is shown in Figure 5.3. Notation for the grids is taken as Grid S, Grid M and Grid 
L. S stands for smaller distance in between the tows, L has the largest distance in
between the tows and M has a tow distance in between S and L. 

Grid S Grid M Grid L 

Figure 5.3. Three different grids with different spacing and carbon amount for each tow
direction, all images at approximately the same scale. 

All grids are commercially available and the manufacturer provided mechanical and
geometrical properties are recorded in Table 5.3. It is important to distinguish the 
geometrical notation, length direction and cross direction. Since the grids are delivered 
on a roll, the length direction is defined as the rolled direction and the cross direction
perpendicular to the rolled direction. The CFRP grids can be made infinitely long in
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the length direction, but due to factory equipment, the length of the cross direction is
limited to 1-2 m. 

Table 5.3. Manufacturer provided geometrical and mechanical properties for the CFRP grids. 

Grid Grid spacing
[mm]

Elastic
modulus
[GPa]

Ultimate
strength
[MPa]

Tow area 
[mm2]

tA

[mm]

Length Cross Length Cross Length Cross Length Cross
S 24 25 262 589 2950 4300 0.,3570 0.2395 1.7

M 42 43 253 284 3800 3800 0.9184 0.9184 3.0

L 70 72 201 288 3800 3800 1.2684 1.0710 3.3

A Thickness of the CFRP tow 

An experimental set-up to obtain the tensile properties of the CFRP was also
conducted. The test set-up for the different geometries of the different grids is divided 
into two types of tensile strength. The first set-up is tensile behaviour of one CFRP
tow, valid for the grids M and L. The second test set-up is tensile behaviour for two
CFRP tows, valid for grid S that has a much smaller cross section area and therefore
requires more and better anchoring in the tensile test equipment. Different test set-ups
are recorded in Figure 5.4. 

H
ei

gh
t

Figure 5.4 Test specimens, explanatory model.

To obtain full anchoring at the ends of the specimens, a fine graded sandpaper was used
between the clamps in the testing equipment and the CFRP tows. The strain in the 
CFRP tows was measured with a modified crack opening displacement strain gauge
(COD). Test set-up with COD measurement is recorded in Figure 5.5. To obtain

Cross section area of tows 
subjected to tensile stresses

Width

H
ei

gh
t

Test set-up 1 Test set-up 2
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good readings for the modulus of elasticity and ultimate failure strain and stress from
the tensile test, the deformation rate was set to 0.04 mm/s. 

Since the desirable mechanical properties were different in length or cross direction of
the grid, equal amounts of specimens in each respective direction for each grid were
chosen. For all of the grids tested, the amount of specimens were 5 in the length 
direction and 5 in the cross direction for a total of 30 tensile test specimens. The results
from tensile testing and measured cross section area are presented in chapter 6 and 
appendix A. 

Figure 5.5. Photograph of test set up. To the right a close up of the COD strain gauge
mounted on the CFRP tow.

5.4 Pilot tests on flexural strengthening

The first tests with MBC were carried out at Luleå University of Technology in 2001
(Becker, 2003; Carolin, 2001). These tests were considered to be a pilot study with 
mineral based composites bonded to concrete slabs. The project was initiated primarily
to investigate if an MBC system could be as flexural strengthening. The tests were
promising and the corresponding load carrying capacity similar to externally bonded
FRP sheets could be obtained. It was then decided to extend this study with a broader
view of MBC systems (Täljsten and Blanksvärd, 2006). 

The next steps in the research were to cast four small concrete slabs with no internal 
steel reinforcement, three of which were strengthened with the CFRP grid and three
different cementitious bonding agents. The unstrengthened concrete slab acts as a 
reference to the strengthened specimens. Prior to the strength tests three beams were
sawed out from the four different concrete slabs and subjected to four-point beam
bending according to Figure 5.7.

5.4.1 Test specimens 

The base concrete was cast as non-reinforced slabs with a length and width of 1000 
mm and a thickness of 75 mm. The concrete slabs were cast in two different sets with
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two slabs in each set. Six concrete cubes for each set were cast to evaluate the
compressive and tensile strength of the concrete mixture for the different slabs. The
mechanical properties of the concrete shown in Table 5.4 were tested according to
cube compression and splitting, SS 13 11 11 and SS 13 72 13. The three commercially 
available polymer modified mortars are mortar 2, 3 and 4 with properties according to
Table 5.2. The design of the CFRP grid used in this evaluation is notated as Grid M in 
Table 5.3. 

Table 5.4. Mechanical properties of concrete specimens, mean values.

Specimen
(slab)

Concrete
set

Density
[ton/m3]

Compressive strength
[MPa]

Tensile strength
[MPa]

1 1 2.38 46.1 3.91

2 1 2.36 46.1 3.9

3 2 2.40 49.1 4.0

Reference 2 2.37 49.1 4.0

Assembly

The concrete slabs were cast and hardened for 7 and 9 days, named concrete sets 1 and
2. The concrete surface was then sandblasted to remove the cement laitance for 
increased bond between the base concrete and the polymer modified mortars. The 
polymer modified mortars were applied in two layers, each with a thickness of about 
10 mm. The concrete slabs hardened for 11 and 13 days prior to the application of the 
polymer modified mortars. The concrete and polymer modified mortar was then
further hardened for 7 days. Prior to the load capacity tests the slabs were sawed to get
three similar concrete beams; Figure 5.6 A and B shows the slabs prior to the sawing of
the beams. Each beam contained the same amount of carbon FRP with the same
design. Figure 5.6 C shows the manual sawing of the beams.

A B C

Figure 5.6. A) Slab and beam geometry and markings prior to the sawing of the beams with 
the original and intact carbon fibre grid. B) Slab and beam geometry and markings prior to the 
sawing of the beams with the carbon fibre grid cut at the ends of the mortar. C) Manual
sawing of the concrete slab into three beams. 
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5.4.2 Experimental set-up 

Each beam was subjected to four-point bending tests, as shown in Figure 5.7. The 
distance between the two line loads were smaller than the distance between the line 
load and the support to avoid any large scale shear failure and delaminating of the 
strengthening material.

Figure 5.7. Four point beam bending test set-up for concrete beam specimens,T units in mm.

The bonded lengths, lb, for each individual beam were measured, with an average bond
length of 790 mm. The midpoint deflection was measured with two LVDT gauges 
located at each side of the midpoint of the beam referring to the supports. The
presented deflections in the results are mean values of these two deflections. Figure 5.8 
shows the test set up in the laboratory. Since a smooth deflection curve of the
strengthened beam was desired, the deformation rate was controlled by the midpoint
deflection of the beam (Groth, 2000). Table 5.5 shows how the deformation rate 
depends on the magnitude of the deflection.
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Figure 5.8. Test set-up for the concrete 
beams in the laboratory, reference beam. 

Table 5.5. Deformation rate for the four-
point bending tests

Deflection
[mm]

Deformation rate 
[mm/sec]

0-1.2 0.0083

1.2-1.4 0.0125

1.4-4.0 0.0145

4.0-6.0 0.0167

6.0-6.2 0.02

6.2-19 0.025

19-25 Stroke controlled

Beam notation 

In total 12 beams were tested, unstrengthened and strengthened, with 3 different
bonding agents. The beam specimen notation is recorded in Table 5.6 and is mainly
dependent on which type of bonding agent is used. Further, geometries for the
bonding agent and the total weight of the beam are also shown in Table 5.6. 

Table 5.6. Concrete specimen bonding agent, geometries and weight. 

Specimen
(slab)

Bonding
agent

Bond length, lb

[mm]

Mortar height,
hm

[mm]

Weight

[kg]
Reference 1 - - - 21.04

Reference 2 - - - 21.23

Reference 3 - - - 21.14

M2 beam 1 Mortar 2 779 18 24.89

M2 beam 2 Mortar 2 786 20 24.55

M2 beam 3 Mortar 2 786 22 24.80

M3 beam 1 Mortar 3 790 22 23.98

M3 beam 2 Mortar 3 787 22 24.09

M3 beam 3 Mortar 3 792 22 23.74

M4 beam 1 Mortar 4 763 22 24.61

M4 beam 2 Mortar 4 760 22 24.88

M4 beam 3 Mortar 4 761 22 24.87
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5.5 Shear strengthening

The shear strengthening of concrete beams with carbon fibre composites bonded with 
epoxy and cementitious bonding agents are a part of past and present research projects
at Luleå University of Technology. Significant studies on concrete strengthening have
also been conducted at the university. Shear strengthened concrete cross sections with 
epoxy bonding agents have been thoroughly evaluated in recent years, (Carolin, 2003),
(Hägglund, 2003), (Aboudrar and Johansson, 1998) and (Matsson, 1999). The 
dimensions of the strengthened concrete beams in the present study were chosen 
according to the concrete beams in these previous studies, see chapter 2.

5.5.1 Experimental set-up 

In this study, 23 concrete beams were evaluated for shear strengthening purposes,
comprising unstrengthened and strengthened concrete beam specimens. The 
strengthening consists of using epoxy bonding agents with CFRP sheets, a 
cementitious bonding agent only and the MBC system. Beams strengthened with the 
use of epoxy bonding agents and CFRP sheets were not performed part of this
experimental program, but have been from earlier studies (Carolin, 2003); see also 
chapter 2. All of the concrete surfaces to be strengthened were sandblasted. The four-
point beam bending test set-up, geometries and reinforcement scheme are recorded in 
Figure 5.9. To avoid local imperfections and ensure a plane experimental set-up, all 
four loading points were cast using gypsum as an intermediate layer between the 
concrete beam specimen and supports/loading points, except specimens marked with * 
in Table 5.7. For a detailed view of the experimental set-up, see appendix B. The
concrete beams are reinforced in such a way that shear failure is directed to one half of
the beam span. The design of the steel reinforcement is detailed below. This design of
the reinforcement is motivated by the fact that due to the lack of, or inferior, shear
reinforcement in one span, the beams only need to be strengthened in this span. Thus,
the other shear span is heavily reinforced with steel stirrups. The utilized materials are:

Reinforced concrete beams with different concrete qualities and steel shear
reinforcement design (see Figure 5.9) 

Surface primer, same as in the flexural tests (enhances the bond strength between
the base concrete and polymer modified mortar)

Three different polymer modified mortars, same as mortars 2 and 3 in the
flexural tests with the addition of the fine-grained mortar 1. 

Three CFRP grids, grids S, M and L, all mounted with the tows aligned with
the horizontal and vertical geometries of the base concrete beam

Common to all of the concrete beams is that they are reinforced with 12 Ø16 steel bars
at the bottom and 2 Ø16 at the top of the beam as flexural and compression
reinforcement. The shear strengthening contains of Ø10 steel bars with a distance 50
mm at the supports and Ø12 with the distance 100 mm in the heavily reinforced shear 
span. The densification of the shear reinforcement over the supports is supposed to
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prevent crushing and peeling failures and secure the anchorage of the longitudinal
reinforcement. All of the steel reinforcements have the characteristic yield strength of
500 MPa. Further, the strengthened shear span of the beam specimens has three 
different designs on the shear reinforcement, which can be categorised as no shear
reinforcement, stirrups with a distance s = 350 mm and stirrups with a distance s = 250
mm. The first category mainly distinguishes the strengthening effects of the 
cementitious bonding agent and the MBC system. The other two mainly evaluate the
influence of the interaction between steel shear reinforcement and the MBC 
strengthening system. Figure 5.9 shows the design of the reinforcement in the concrete
beams.

A

B

Figure 5.9. Test set-up for reinforced concrete beam. A) no stirrups in the strengthened shear
span. B) stirrups in the strengthened shear span with a distance s. 

Due to the large number of test specimens in this evaluation, the naming convention is
therefore important. A test matrix is assembled to sort out all test specimens. The test
matrix is recorded in Table 5.7 and the name convention is recorded in Figure 5.10.
Varied parameters for the specimens are concrete quality, steel stirrup distance (s),
bonding agent, design of CFRP, and thickness of the overlay. To obtain the shear
failure for all beams, some of the beams had to be strengthened in flexure through the 
use of NSMR (Near Surface Mounted Reinforcement). This technique is described
more in detail below.
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K30 s2 – M2 – G2 – t2 r

AAA sX – YY – CC – t Z r 

Type of
bonding
agent used, 
M stands for 
mortar and E 
for epoxy 

Strengthened with NSMR
Concrete quality,
based on Swedish
standards. Different mortar thickness, t2 means a

total layer thickness of 10 mm 

Stirrup distance in the strengthened
shear span, s0 means no stirrups,
s2 a distance of 250 mm and s3, 
350 mm 

Type of FRP used, G stands for
grid and 1 denotes grid S, 2 denotes
grid M and 3 denotes grid L. S 
stands for sheet.

Figure 5.10. Name convention for beam specimens. 
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Table 5.7. Matrix of all tested beam specimens 

Beam Bonding
agent

CFRP Concrete
quality

Stirrup
distance

Comments

K40s0 - - K40 - Reference

K40s0* - - K40 - Reference

K40s0-M2 Mortar 2 - K40 - MBC

K40s0-M2-G2a Mortar 2 Grid M K40 - MBC

K40s0-M2-G2b Mortar 2 Grid M K40 - MBC

K40s0-M3-G2 Mortar 3 Grid M K40 - MBC

K40s0-E-S90 Epoxy Sheet 90° K40 - Epoxy

K40s0-E-S0 Epoxy Sheet 0° K40 - Epoxy

K40s0-M2-G1* Mortar 2 Grid S K40 - MBC

K40s0-M2-G2* Mortar 2 Grid M K40 - MBC

K40s0-M2-G3* Mortar 2 Grid L K40 - MBC

K40s0-M1-G3* Mortar 1 Grid L K40 - MBC

K30s0 - - K30 - Reference

K30s3 - - K30 350 RCA

K30s3-M2-G2 Mortar 2 Grid M K30 350 MBC

K30s2-M2-G2r Mortar 2 Grid M K30 250 MBC + NSMR

K30s2-M2-G2-t2r Mortar 2 Grid M K30 250 MBC + NSMR

K60s0 - - K60 - Reference

K60s3 - - K60 350 RCA

K60s2 - - K60 250 RCA

K60s2rA - - K60 250 RCA + NSMR

K60s3-M2-G2r Mortar 2 Grid M K60 350 MBC + NSMR

K60s2-M2-G2r Mortar 2 Grid M K60 250 MBC + NSMR
A Reinforced Concrete
* The deformation rate during loading was not controlled, tests were performed at Technical University of 
Denmark (DTU) 
a, b specimen with similar strengthening system, b notates that a special strain gauge set-up was performed

5.5.2 Strengthened test specimens 

To contrast the MBC strengthening system, a comparison was made to a strengthening
system using an epoxy resin to bond CFRP sheets to the concrete surface; see chapter 2 
and (Carolin, 2003). The test specimens having steel stirrups with a distance, s, of 250 
mm had to be strengthened in flexure using the NSMR system because the
longitudinal steel reinforcement in the beams instigates premature yielding before the
steel stirrups. By strengthening the tensile side of the beam, premature yielding will be 
prolonged. However, bending failure is never evident in this case, though crushing of
the concrete in the compression zone is. When the tensile reinforcement starts to yield,
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the neutral axis will progress and the compressed zone will decrease. Thus, compression
failure will be the expected ultimate failure.

Strengthening with mineral based bonding agents 

In total were 12 reinforced concrete beam specimens strengthened with the MBC
system and 1 beam strengthened with only a cementitious bonding agent (no CFRP
grid was used). A parametric study was carried out to evaluate the influence of different 
bonding agents, CFRP grid designs, concrete quality, steel stirrup distance in the
strengthened shear span and different thicknesses of the MBC overlay. The geometries
and layout of the MBC strengthening system for the beam specimens are recorded in
Figure 5.11. When comparing the strengthening effect of the MBC system to the
epoxy bonded CFRP sheet strengthening system, an important parameter is the 
amount of fibres in each direction for the three CFRP grids used in this set up; see
Table 5.8. The same table shows the internal distances between the tows. Note that in
Figure 5.11 the length direction of the CFRP grids are the same as the horizontal
direction of the beam specimen, and vice versa for the cross direction.

Table 5.8. Fibre amount for CFRP grid, vertical direction, horizontal direction and total
amount.

Beam Tow distance
[mm]

Amount of fibres in
each tow [g/m2]

Total amount of
fibres [g/m2]

Length Cross Length Cross
Grid S 24 25 34 32 66

Grid M 42 43 75 84 159

Grid L 70 72 47 51 98

Figure 5.11. Geometries of the beam with the MBC shear strengthening system.
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Near Surface Mounted Reinforcement (NSMR)

To counter measure the drawbacks of the yielding of the tensile flexural steel
reinforcement for beam specimens with steel stirrups in the strengthened shear, further
strengthening of the specimens was required. Near surface mounted reinforcement is 
an excellent way of strengthening concrete structures in flexure (Nordin, 2003). This 
method uses epoxy bonded unidirectional CFRP bars. The strengthening technique is
easy to carry out. A slot is sawn into the concrete cover over the required length of the
specimen and all excess concrete is removed from the slots. The slots are then cleaned
with high-pressurised water, approx 150 bar. A primer is then applied in the slot. After 
the primer has hardened an epoxy adhesive is applied and the reinforcement bars are
pressed into the slots. The shape of the CFRP bar is a rectangular cross section, 10 x 10
mm, with rounded edges; see also chapter 2.

A B

Figure 5.12. NSMR strengthened beam specimen with the tensile side facing upwards. A) 
NSMR bar in a slot without adhesive. B) Epoxy bonded NSMR bars for flexural
strengthening.

This is a commercially available strengthening system with the brand name “StoFRP 
Bar”. Material properties supplied by the manufacturer for both the epoxy adhesive and 
the CFRP bar are recorded in Table 5.9. The design and geometrical layout of the
current NSMR system is shown in Figure 5.13. Thickness of the epoxy bonding is set
to 2 mm on each bonded side. 

Table 5.9. Material properties for the NSMR components 

Tensile strength
[MPa]

Modulus of Elasticity
[GPa]

Ultimate strain [‰]

Epoxy adhesive 31 7 -

Sto FRP Bar M10C 2500 260 8
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A

B

Figure 5.13. Schematic for beam specimen strengthened with NSMR. A) Cross section with 
measures for the emplacement in mm. B) Transparent 3D image of the strengthened beam
specimen.

5.5.3 Monitoring and loading 

A quite extensive measuring program was used to record the behaviour of the tested
beams. The included monitoring measures are load cells to measure the force, Linear
Voltage Transducers (LVDT) for measuring deflections, electrical foil strain gauges
(SG) for local strain measurements and photometric strain measurement for global strain 
measurements. The loading rate for the set-up was deformation controlled and the
deformation rate was set to 0.01 mm/sec, measured at the midpoint of the beam
specimens. Note that this deformation controlled load does not imply test specimens
marked with a * in Table 5.7. These beams were load controlled at 10 kN/min. A 
complete monitoring and loading scheme for each and all of the beam specimens are
recorded in appendix B. 

Deflection

A maximum of three different deflections were measured during the load tests. Set-up
of the LVDTs in the experimental program is recorded in Figure 5.14. No. (1) 
measures the settlements at the supports, which are then associated to the mid-point
deflection, reading No. (3), and correlated to measure the absolute mid-point
deflection. Further, the mid-point deflection (3) is measured on both sides on the beam
specimens to record any out of plane rotation, and the presented mid-point deflection
are taken as mean value of these two LVDTs. Both (1) and (3) are measured for all 
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beam specimens. No (2) measures the deflection at 800 mm from the supports in the 
shear span, mostly to compare if there are any deflection differences between the
strengthened side and the heavily steel stirrup reinforced side. The No. (2) LVDT 
gauges were only measured for beams with concrete quality K30 and K60. Note that
the mid point deflection, No. (3), taken for beam specimens marked with * in Table
5.7 is not taken as the mean value of two LVDTs, but one single LVDT. For a detailed
monitoring set-up see appendix B. 

Figure 5.14. LVDT set-up for beam specimens. (1) measures the support settlements, (2) the
rotation and (3) the mid-point deflection. 

Strain gauge measurements 

Two different types of strain gauges (SG) are used to measure strains on the CFRP
grid, CFRP bars and steel reinforcement. A gauge length of 5 mm was used (KFW-5-
120-C1-11L3M2R) to measure strains on the NSMR bar and the steel reinforcement.
In the case of measuring the strains on the CFRP grid the tows are quite narrow and a
gauge length of 2 mm had to therefore be used (KFWS-2N-120-C1-11L3M3R). All 
SGs are foil strain gauges with a waterproof coating. For the steel reinforcement, SGs 
were further protected against damage during handling with a protective tape wrapped
around the SG and rebar. In all cases the SG wire was inserted into a plastic hose to 
minimize the influence of the concrete or mortar when embedded in the material. A 
comparison between steel and CFRP SG and how the application of SG was made are
recorded in Figure 5.15. Steel reinforcement and CFRP strain measurements were
taken for all beams expect those marked with a * in Table 5.7. 
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A B C D

Figure 5.15. A) to the right, steel SG 5 mm and to the left, CFRP SG 2 mm. B) SG
adhered to steel bar. C) SG adhered to CFRP tow. D) Protective tape and hose applied on
steel reinforcement SG and wire. 

Common to all beam specimens were the strain readings in the compressed and tensile
longitudinal steel reinforcement at the mid section of the beam. Six SGs were applied
in the two stirrups closest to the load for beam specimens with shear steel
reinforcement in the strengthened shear span. By applying strain gauge at these strategic
points it is possible to monitor when the steel starts to yield both during the load and in
the evaluation. These readings can then be compared to cracking patterns. Set up for 
the SG assessment is recorded in Figure 5.16. 

Figure 5.16. Emplacement of strain gauges on the steel reinforcement. 6 strain gauges on two 
stirrups and 1 on the compression and tensile reinforcement respectively.

To compare the CFRP strain to the strain in the steel stirrups a similar assessment for
the steel SGs was affiliated to the CFRP grid. By having SGs on the steel stirrups,
CFRP and using photometric strain measurement (see below) it is possible to compare
strains in the steel stirrups (internal concrete) to strains in vertical CFRP tows (internal
MBC) as well as strain fields obtained by the photometric strain measurements.
However, due to the design of the CFRP grid it was not possible to mount the SGs at
exactly the same position as the steel reinforcement SGs. After casting the concrete
beam specimens the steel stirrups was located using a metal detector and the SGs were
mounted onto the nearest vertical CFRP tow. Figure 5.17 shows a schematic overview
of both SGs mounted on the steel stirrups and the vertical CFRP tows, whose internal 
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distance between strain gauges are is 50 mm. The distances a and b are dependent in 
the internal steel stirrup distance s. In the case of an internal stirrup distance of 350 
mm, a is 732 mm and b is 1,090. If the internal distance is 250 mm, then a is 975 mm 
and b is 1,175. A different way of mounting the SGs on the CFRP grid has also been
performed for the specimen K40s0-M2-G2b, see Table 5.7. This SG set-up is recorded
in Figure 5.18 and the strain gauges have been applied on an assumed shear crack
alignment of 30°. The SGs have been applied in pairs on both vertical (cross) and
longitudinal (length) CFRP tows. These measurements can then be compared to the
photometric strain field measurements.

CFRP grid 

ReinforcementSG compression
reinforcement SG on CFRP tow b

SG tensile 
reinforcement

SG on CFRP tow a 100

170
50

s s

SG on stirrups 

Figure 5.17. Set-up for SGs for both CFRP grid and steel reinforcement. a, is the distance 
from the end of the grid to the first set of SGs on the vertical CFRP tow. b, is the distance to
the second set of SGs closest to the load. s, is the stirrup distance. All units in mm. 
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Figure 5.18. SG set-up for beam specimen K40s0-M2-G2b. In total 21 SG, 10 on vertical
CFRP tows and 11 on the vertical CFRP tows. All aligned at an alleged shear crack angle of 
30°.

Monitoring of tensile strain has also been conducted for beam specimens strengthened
with the NSMR system. SGs were mounted on the CFRP bar at mid-point of the 
beam as for the SGs on tensile longitudinal steel reinforcement; see Figure 5.16. Since 
two CFRP bars were used the strains are measured at the same point for both; the
applied SGs seen in Figure 5.19. These values can then be compared to the 
compression and tensile strain in the longitudinal steel reinforcement.

Figure 5.19. A) Strain gauges mounted on the CFRP bars at the down side of the beam.
The blue line indicates the mid-point of the beam. 
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Photometric strain measurements

Traditional strain measurements using electrical foil strain gauges only measure local
strains, while inversely photometric strain measurements can indicate the global strain
behaviour of a specific surface. Photometric measurement entails taking photos of a 
desired area from a scientific point of view. The photos are taken prior to loading and 
at certain load intervals during the loading of the beams. All photos are then analysed
by computer software developed at Luleå University of Technology that divides the 
photos into different sections and calculates their point of gravity. Strains are then
calculated by comparing the distances between the parts. For the software to work 
properly and give adequate results the photographed area needs to be given a pattern or 
divergent colours using different methods. In this case the strengthened area will be
given a random pattern through the use of an epoxy adhesive to adhere white and
black sand (0,55:0,45). This method is called Digital Speckle Photography (DSP) 
(Carolin et al., 2004).

For the DSP to function as intended, the surface needs to have a random pattern. The
mixture of white and black sand grains bonded to the strengthened surface provides this
pattern; see Figure 5.20. Traditional strain gauges are mounted on the other side of the
beam in Figure 5.20, see also Figure 5.18. The photographic equipment consisted of a 
digital camera and a professional lightning set; see Figure 5.21.

Figure 5.20. MBC strengthened shear span with applied speckle pattern. 
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Figure 5.21. Set-up for the photometric strain measurement. 

The digitalized pictures are processed into a raw format and trimmed to show only the
most interested area. The trimmed area is then set to a grey scale image and divided
into sub-pictures; see Figure 5.22. 

A B

Figure 5.22. A) Magnification of shear span with applied pattern. B) Magnification of sub-
picture, (Carolin, 2004).

The centre of gravity is then calculated for all individual sub-pictures. The accuracy
becomes greater if the large sub-pictures are chosen. A large number of pixels within
the sub-picture will also increase the accuracy of the positioning. Speckle pattern
correlation analysis will find the same sub-picture in the second loading condition,
even if the pattern has been slightly deformed, or moved. The size and distance of the 
sub-pictures can be chosen as desired. Sub-pictures can also overlap or have a certain
distance in between.

The results from the speckle pattern correlation analysis can be plotted as shear strains,
principal strains or strains in any arbitrary direction. The largest principal strains from 
(Carolin, 2004) are recorded in Figure 5.23. The strengthening system of the concrete
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beam in Figure 5.23 contains of carbon fibre sheets wrapped around the concrete beam
at a 45° angle.

Figure 5.23. Largest principal strains, Carolin et al. (2004). 
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Test results

6 Test results

6.1 General

This chapter is divided into three parts presenting the results from the experimental
programs described in the previous chapter. The results are recorded in three different 
sections depending on the experimental set-up.

- Tensile test of CFRP grid 

- Flexural strengthening of small scale non-reinforced concrete beams 

- Shear strengthening on large reinforced concrete beam 

6.2 Tensile test of CFRP grid 

Results from the tensile test of the different CFRP grids will be briefly presented. First, 
some notations used for the mechanical properties of the three different grids are 
presented below.

Afibre Cross sectional area of carbon fibres for one tow, manufacturer provided value 
F Tensile load in the experimental set-up
Fu Ultimate tensile load in the experimental set-up 

u, fibre Ultimate failure stress for the fibre in the composite

u, fibre Ultimate failure strain for the composite 
Efibre Modulus of elasticity (MOE) for the fibre in the composite 

The CFRP grid specimens were tested on tows in both the cross and length direction.
For better comprehension the specimens are noted by a first letter (S, M or L)
depending on the geometry of the grid, then a number indicating the number of the
specimen and the last letter (C or L) stands for cross or length direction of the CFRP
tow. As an example, ‘S1L’ stands for grid S specimen number 1 in the length 
directional tow.

6.2.1 Grid S 

The tensile failure load and the ultimate strain in the longitudinal and cross directional
tows are recorded in Table 6.1. There are no large differences in between the failure 
loads between the tow in the length and cross direction. The cross directional tows
display a some what lower scattering in comparison to the tows in the longitudinal
tows. Typical failure of the grid is shown in Figure 6.1. The failure can not be seen in 
the figure since the failure type is internal slipping of the carbon fibre in the matrix in 
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one tow. Secondary failure is splitting of one CFRP tow. Typical tensile force and 
strain behaviour for length and cross directional CFRP tows are recorded in Figure 6.2. 
Note that the load recorded in these figure are the tensile load for one CFRP tow.

Table 6.1.Failure properties of the tows in grid S. 

Failure load
[kN]

Failure strain 
[‰]

S1L 1.2 12.5

S2L 0.9 9.6

S3L 1.2 12.8

S4L 1.1 12.5

S5L 1.4 15.3

Mean value 1.2 12.5

COVA 0.13 0.16

S1C 1.3 14.6

S2C 0.9 15.2

S3C 1.2 11.1

S4C 1.1 14.9

S5C 1.4 13.9

Mean value 1.3 13.9

COVA 0.07 0.12

A Coefficient of variance

Figure 6.1. Typical failure of grid S. To the left, specimen S1L and to the right S3L. 
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Figure 6.2. Tensile force and strain for CFRP grid specimen S3L and S5C. 

6.2.2 Grid M 

Tensile strength and ultimate strain in both the longitudinal and the cross directional
tows are recorded in Table 6.2 for all specimens. No drastic difference was found by 
comparing the mean failure load for the tows in both directions. The ultimate strain for 
the specimens in the length direction shows large scattering. Typical rupture failures for
the tested tows in grid M are shown in Figure 6.3. Tensile force and strain behaviour
for an arbitrary specimen in both length and cross directional tows are recorded in
Figure 6.4. Note that the specimen M2L experienced some slippage in the first steps of 
loading for the COD strain gauge and therefore are the strain measurement not starting
in the exactly at the origin. 

Figure 6.3. Failure of grid M. To the left specimen M3L and to the right M3C.
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Table 6.2. Failure properties of the tows in grid M. 

Failure load
[kN]

Failure strain 
[‰]

M1L 3.10 5.14

M2L 4.14 12.07

M3L 3.52 11.41

M4L 4.05 9.45

M5L 4.56 14.32

Mean value 3.87 10.47

COVA 0.14 0.33

M1C 4.54 14.16

M2C 4.64 11.67

M3C 3.91 9.04

M4C 4.71 11.39

M5C 3.42 9.44

Mean value 4.24 11.14

COVA 0.13 0.18

A Coefficient of variance
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Figure 6.4. Tensile force and strain for CFRP grid specimen M2L. 

6.2.3 Grid L 

The ultimate tensile behaviour in the longitudinal direction and the cross direction are
recorded in Table 6.3. Here a large difference can be found by comparing both failure 
loads and ultimate strains for cross and length directional tows. The tows in the cross
direction has both lower failure load and lower failure strain. Typical failures of the L 
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grid are shown in Figure 6.5. Failure was sudden and the tow was split into smaller
pieces. Load and strain behaviour for arbitrary CFRP tows in both cross and length 
direction is recorded in Figure 6.6.

Table 6.3. Failure properties of the tows in grid L. 

Failure load
[kN]

Failure strain 
[‰]

L1L 4.0 11.0

L2L 5.1 14.5

L3L 5.2 14.3

L4L 5.9 13.4

L5L 4.4 10.9

Mean value 4.9 12.8

COVA 0.15 0.14

L1C 3.3 7.4

L2C 4.0 8.9

L3C 4.1 8.9

L4C 4.9 8.9

L5C 3.9 7.4

Mean value 4.0 8.3

COVA 0.13 0.10

A Coefficient of variance

Figure 6.5. Tensile failure of grid C5500 O X1. To the left specimen L1L and L2C, to the
right specimen L1C and L2L.
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Figure 6.6. Tensile force and strain for CFRP grid specimen L3L and L1C. 

6.3 Flexural strengthening

The failure loads of all tested beams are recorded in Table 6.4. The measured load is
the sum of the two line loads that can be seen in Figure 5.7, thus, the total load on the
beams excluding the dead load of the beam. Results from reference beams and the
beams strengthened with different types of mortar are described further in sections
below.

Table 6.4. Failure loads for all of the concrete beam specimens. 

Specimen
(concrete

beam)

Failure load

[kN]

Failure load for each group of beams

[kN]
Mean Standard deviation

Reference 1 3.2

Reference 2 3.2 3.1 0.04

Reference 3 3.1

M2 beam 1 8.5

M2 beam 2 7.4 8.3 0.57

M2 beam 3 8.9

M3 beam 1 7.9

M3 beam 2 9.1 8.4 0.49

M3 beam 3 8.1

M4 beam 1 6.9

M4 beam 2 8.3 7.8 0.58

M4 beam 3 8.2
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6.3.1 Reference beams 

Figure 6.7 shows the load-displacement curves for the reference beams with a
rectangular non-reinforced cross section. There are no large scatterings in the values for 
the failure loads between the three beam specimens. The failure mode for all of the
beams was similar and as expected, an initial bending crack that lead to failure of the 
non-reinforced reference beams. The failure curve is deformation softening, i.e. 
decrease of stiffness as the deformation increase after the ultimate load. Figure 6.8 A 
shows a reference beam while loading with the initial crack and prior to failure. Figure 
6.8 B shows the bending failure that was similar for all of the reference beams.
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Figure 6.7. Load deflection curves for the reference beams. 

A B

Figure 6.8. A) Initial bending crack propagating from tensile side of reference beam, B)
Typical failure of reference beam. 
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6.3.2 Polymer modified mortar 2 

Figure 6.9 shows the load-displacement curve for the concrete beams that were
strengthened with the polymer modified mortar 2. The first crack load is higher for this 
series than the crack load for the reference beams. This behaviour depends on the new
and improved cross section. The total height of the beam is increased with
approximately 20 mm and the mortar contains fibres that increase the tensile strength
and the carbon fibre grid acts as reinforcement. Every dip in the curves represents
unloading due to decreasing stiffness when new cracks appear. For every new crack the
stresses redistributes over the cross section and the load capacity increases as the CFRP
grid bridges the higher stresses. The initial crack is fairly the same for all of the beams in 
this test series. These set of beams compared to the reference beams shows a larger
amount of cracks until failure. There is some scattering in the crack distribution in this
set of beams, but still relatively small. Two different failure types appeared in these set
of beams. One beam failed in bending and rupture of the carbon fibre grid. Two beams
failed due to shear failure and splitting of the mortar. Figure 6.10 A shows bending
failure and the rupture of the carbon fibre grid can be seen in Figure 6.10 B. Figure
6.11 show shear failure and where the shear crack has propagated through the mortar at 
same level as the carbon fibre grid. 
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Figure 6.9. Load deflection curve for beams strengthened with mortar 2. 
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A B

Figure 6.10. A) Failure of beam and rupture of the CFRP grid, B) Rupture of the CFRP 
grid, circles indicates the location of ruptures in longitudinal CFRP tows. 

Figure 6.11. Shear failure and splitting of the mortar. 

6.3.3 Polymer modified mortar 3 

Figure 6.12 shows the load-displacement curve for the concrete beams that were
strengthened with the polymer modified mortar 3. All of the concrete beams
strengthened with mortar 3 failed in shear in the concrete substrate and anchor failure 
between base concrete and mortar. Figure 6.13 A shows shear and bond failure. Figure
6.13 B shows the surface of the debonded mortar, note that some of the concrete is 
remaining on the surface of the mortar.
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Figure 6.12. Load deflection curve of beams strengthened with mortar 3. 

A B

Figure 6.13. A) Shear and bond failure of the specimen M3 beam 2. B) Debonded surface of
mortar 3. 

6.3.4 Polymer modified mortar 4 

Figure 6.14 shows the load-displacement curve for the concrete beams that were
strengthened with the use of polymer modified mortar 4 as the bonding agent. There
are no large scatterings within the cracking loads on the curve. These set of beams
compared to the beams strengthened with mortar 2 has a lower first crack load. The
failure initiates in bending and results in splitting of the mortar at the same level as the
CFRP grid, this can be seen in Figure 6.15. A closer inspection of the connection
point in the carbon fibre grid shows that the transverse bars have slipped and the
connection points are no longer rigid and the strengthening system will loose
anchorage, this is shown in Figure 6.16. 
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Figure 6.14. Load displacement curve for beams strengthened with mortar 4.

A B

Figure 6.15. A) Beam strengthened with mortar 4, splitting of the mortar. B) Shear failure 
and splitting/spalling of the mortar.
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Figure 6.16. Failure/slipping in the connection points of the CFRP grid, white arrows 
indicate movement.

6.4 Shear strengthening

This section will provide the result from the test series on shear strengthened steel
reinforced concrete beams. The test series have been divided into three populations,
depending on the concrete quality. Regarding the concrete quality, this is set as the
requested quality from the manufacturer. K30, K40 and K60 corresponds to the 
minimum compression strength 30, 40 respectively 60 MPa. Failure load, concrete
strength and failure mode for the reinforced concrete beam specimens are recorded in
Table 6.5. Yield strain, modulus of elasticity and yield strength for the steel
reinforcement used in this experimental study based on tensile tests are recorded in 
appendix A. 

Concrete compression and tensile test originates from cube specimens of 150 mm,
except the specimens tested at Technical University of Denmark (DTU) which
originates from cylindrical specimens. The strength test from the cube specimens are
based on ISO 4108 and the cylindrical test on the Danish code DS 423. The recorded 
strength values are mean values of three specimens, for a better description of the
material testing see appendix A. Note that the strength values for beam specimens were
taken at the same time as the failure load test. Strength values for beam specimens
tested at DTU have somewhat low readings, this is basically depending on the fact that
the concrete had not reach the age of 28 days at the days of testing. The shear span load
is taken as the failure load, thus the total load divided by two. Identified failure mode
are (S) for shear failure in concrete, (SR) for shear failure with rupture of CFRP, (SD) 
for shear failure and debonding of CFRP and (C) for compression failure at the top of
the concrete beam. Failures are described more in the section “load deflection and
failure” for the three different concrete qualities. No debonding of the cementitious
bonding agent was noticed in this experimental program. 
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Table 6.5. Concrete strength, failure load and failure mode from tests. 

Concrete strength
[MPa]

Failure load
[kN]

Failure mode

Compression Tensile
K40s0 44.8 2.9 123.5 S

K40s0* 36.3 2.5 126.7 S

K40s0M2 53.6 2.8 141.9 S

K40s0-M2-G2a 53.6 2.8 244.9 SR

K40s0-M2-G2b 53.6 2.8 241.9 SR

K40s0-M3-G2 53.6 2.8 235.1 SR

K40s0-E2-S90 59 2.8 259.9 SD

K40s0-E1-S0 59 2.8 153.4 S

K40s0-M2-G1* 32.5 2.7 208.1 SR

K40s0-M2-G2* 35.1 3.0 251.9 SR

K40s0-M2-G3* 44.8 2.5 206.4 SR

K40s0-M1-G3* 43.2 2.6 180.1 SR

K30s0 47.0 2.7 130.6 S

K30s3 47.6 3.1 346.0 C+S

K30s3-M2-G2 52.4 3.0 336.9 C

K30s2-M2-G2r 51.4 2.8 370.5 C

K30s2-M2-G2-t2r 46.2 3.0 357.1 C

K60s0 63.8 3.3 158.8 S

K60s3 73.3 3.7 318.9 S

K60s2 83.5 3.4 361.4 C

K60s2rA 78.3 3.3 399.5 S

K60s3-M2-G2r 77.3 3.8 369.5 C

K60s2-M2-G2r 64.6 3.1 403.6 C

* The deformation rate during loading was not controlled
a, b specimen with similar strengthening system, b notates that a special strain gauge set-up was performed

6.4.1 Concrete quality K40 

It is important to stress that the experimental work has been done on two different 
locations, Luleå University of Technology (LTU) and DTU. The specimens marked
with a “*” are originating from tests at DTU. It should also be stressed that the test set-
up at DTU is “up-side-down” in comparison to the experimental set-up performed at
LTU, see chapter 5 and appendix B. Further, the tests series were performed at three
different periods of time. The epoxy strengthened beams were not apart of this study,
but are from previous research carried out at LTU, see also chapter 2. Therefore no 
results from the epoxy based strengthening are shown in this chapter but result these

127



beams are shown in chapter 2 in the evaluation of results. Result from each beam
specimen is shown individually in the coming sections. 

K40s0

This test was basically performed to estimate the shear capacity of the reinforced
concrete beam specimen without strengthening. A larger shear crack arose just prior to 
the ultimate shear load of 123 kN. Load and midpoint deflection is recorded in Figure 
6.17. The failure was a typical shear crack aligned at 30°. The ultimate failure is 
recorded in Figure 6.18. 
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Figure 6.17. Load and midpoint deflection for specimen K40s0. 

Figure 6.18. Ultimate failure of specimen K40s0.
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K40s0M2

This specimen was only strengthened using the cementitious (mineral) based bonding
agent as shear strengthening. Small bending cracks occurred at loads between 78 to 120 
kN, just prior to the ultimate load a shear crack was formed at 141 kN. The load and
deflection behaviour for this beam specimen is recorded in Figure 6.19 A. The ultimate 
shear failure is shown in Figure 6.19 B and the inclination of the shear crack is 
approximately 32°.
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Figure 6.19. A) Load and deflection for specimen K40s0M2. B) Ultimate shear failure for
specimen K40s2M2. 

K40s0M2G2a

The ultimate failure mode for this beam specimen was shear failure. Small bending
cracks were forming in the mortar at a load step of approximately 150 kN. The first 
small visible shear cracks appeared at load steps 170-190 kN. Distinguished “snapping”
noises could be heard from the CFRP grid at load steps just prior to the ultimate shear
load. The load and deflection behaviour for the beam specimen is recorded in Figure 
6.20 A. The photometric strain measurement performed on this beam for the load step
of 210 kN is recorded in Figure 6.21 for the principal strains on the surface of the 
strengthening system. The principal strain field clearly show a distinguished shear crack
formation. The ultimate shear failure is recorded in Figure 6.20 B and the inclination 
of the shear crack was approximately 36°. 
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Figure 6.20. A) Load and midpoint deflection. B) Ultimate shear failure for beam specimen
K40s0M2G2a.

P

Figure 6.21. Principal strains measured on the surface of the MBC system with photometric
strain measurement.

K40s0M2G2b

Small bending cracks were forming within load steps of 140 to 145 kN. The first
visible shear crack appeared at a shear load of 175 kN. As for K40s0M2G2a there were
some distinguished noised from the CFRP grid at load steps prior to failure. The 
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ultimate failure mode was a brittle shear failure with rupture of a large part of both
vertical and horizontal CFRP tows. Figure 6.22 B shows the ultimate shear failure, the 
inclination of the shear crack was approximately 32°. No debonding between the base
concrete and bonding agent was noticed. The load and midpoint deflection are
recorded in Figure 6.22 A. The principal tensile strain distribution at a load step of 210
kN is shown in Figure 6.23. The strain measured with strain gauges in the vertical
CFRP tows are recorded in Figure 6.24 and for the horizontal tows in Figure 6.25.
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Figure 6.22. A) Load and midpoint deflection. B) Ultimate shear failure for beam specimen
K40s0M2G2b.

P

Figure 6.23. Principal tensile strains measured on the surface of the MBC system with
photometric strain measurement at 210 kN.

131



0

100

200

300

400

500

600

700

800

900

1000

-2 -1 0 1 2 3 4 5

Strain [‰]

C
ra

ck
 le

ng
th

 [m
m

]

100 kN
200 kN
240 kN

Figure 6.24. Strain gauge readings at different load steps for horizontal CFRP tows measured
at a presumed crack angle of 30°.
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Figure 6.25. Strain gauge readings at different load steps for horizontal CFRP tows measured
at a presumed crack angle of 30°.

K40s0M3G2

Small bending cracks appeared at a shear load of approximately 135 kN. The first 
visible shear crack appeared at 160 kN. The distinguished noises from the CFRP grid 
could be heard at 231 kN. The ultimate failure mode was shear failure with rupture a 
large part of both horizontal and vertical CFRP tows. However, the failure was brittle
but not as “explosive” as the failure for K40s0M2G2a and K40s0M2G2ab. Load and
deflection measurements are recorded in Figure 6.26 A. Principal tensile strain
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distribution measured by the photometric strain monitoring is recorded in Figure 6.27
and the ultimate shear failure is shown in Figure 6.26 B.. The principal tensile strains
distribution indicates that one ultimate shear crack is forming. 
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Figure 6.26. A) Load and midpoint deflection. B) Ultimate shear failure for beam specimen
K40s0M2G2a.

P

Figure 6.27. Principal strains measured on the surface of the MBC system with photometric
strain measurement at 420 kN.
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K40s0*

Similar to the K40s0 specimen this beam specimen was tested to see the shear
contribution of the concrete with no shear reinforcement and no shear strengthening. 
Load and midpoint deflection for this beam specimen is recorded in Figure 6.28 A.
The beam failed in shear, only small bending cracks occurred and a shear crack was 
formed just prior to the failure load. The failure crack was inclined at an angle of 34°,
Figure 6.28 B. 
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Figure 6.28. A) Load and midpoint deflection for the reference beam performed at DTU. B) 
Ultimate shear failure for beam specimen K40s0*. 

K40s0M2G1*

Similar behaviour as mentioned for the MBC strengthened specimens above. Small 
bending cracks initiated at low shear span forces and the first visible shear crack
occurred at a load step of 170 kN. The ultimate failure mode was a sudden and brittle 
shear failure with rupture of a large part of both vertical and horizontal CFRP tows,
see Figure 6.29 B. Just prior to the failure load (208 kN) the distinguished “snapping”
noises from the grid could be heard (207 kN). The load and midpoint deflection are
recorded in Figure 6.29 A. 

134



Test results

0 5 10 15 20 25 30 35 40
Midpoint deflection [mm]

0

100

200

300

400
S

he
ar

lo
ad

[k
N

]

A B

Figure 6.29. A )Load and midpoint deflection up to the failure load. B) Ultimate shear
failure for specimen K40s0M2G1*.

K40s0M2G2*

This beam specimen using grid with internal distance of the vertical tows of 43 mm
failed in shear. The first visible shear crack occurred at a shear load of 162 kN. The 
failure was sudden and brittle with a high release of energy, thus including spalling of
the bonding agent. Some of both the vertical and horizontal CFRP tows were
ruptured. Still, some of the CFRP tows remained unbroken, mostly the horizontal
tows. A photograph of the ultimate failure is shown in Figure 6.30 B, the ultimate 
shear crack was aligned at approximately 34°. Load and midpoint deflection is recorded
in Figure 6.30 A. 
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Figure 6.30. A) Load and midpoint deflection up to the ultimate failure load. B) Ultimate
shear failure of the beam specimen K40s0M2G2*.
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K40s0M2G3*

The first visual shear crack appeared at a load step of 161 kN for this beam specimen 
using a grid with wider distance between both the vertical and horizontal CFRP tows.
The distinguished noises from the CFRP grid mentioned earlier could be heard at a 
load step of 180 kN. The ultimate failure mode was shear failure, see Figure 6.31 B,
and the shear crack was aligned at approximately 31°. The load and deflection are 
recorded in Figure 6.31 A. 
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Figure 6.31. A) Load and midpoint deflection up to the ultimate failure load. B) Ultimate
shear failure for specimen K40s0M2G1*.

K40s0M1G3*

This beam specimen failed at the lowest ultimate load of all shear strengthened beam
specimens. When the load exceeded the shear bearing capacity of the non-strengthened
reference beam, a major crack was formed and the load decreased, see Figure 6.32. As 
the load began to increase the crack continued to open. The ultimate shear failure was 
brittle and both vertical and horizontal tows were ruptured. Figure 6.32 B shows the
ultimate failure.
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Figure 6.32. A) Load and midpoint deflection. B) Ultimate shear failure for specimen
K40s0M2G1*.

6.4.2 Concrete quality K30 

This set of beams specimens along with beam specimens corresponding to concrete
quality K60 are the last performed experimental study. In this section the results for
beam specimens corresponding to concrete quality K30 are briefly presented.

K30s0

The ultimate failure for this beam specimen without shear reinforcement or
strengthening was a typical shear failure, see also K40s0 and K40s0*. A visible shear
cracks was appearing at load steps just prior to the ultimate shear failure. The load and
deflection are recorded in Figure 6.33 A. And the ultimate shear failure is shown in
Figure 6.33 B, the ultimate shear crack angle was approximately 37°.
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Figure 6.33. A) Load and midpoint deflection. B) Ultimate shear failure for beam specimen
K30s0.

137



K30s3

The ultimate failure mode was shear failure combined with crushing of the upper part 
of the concrete, above the shear crack. Figure 6.34 B shows the ultimate failure. The 
load and deflection curve is recorded in Figure 6.34 A. First small bending cracks were 
formed at a shear load of approximately 140 kN. The first visible shear crack appeared
at 371 kN. Three small shear cracks were formed at a load of 238 kN and at 273 kN 
four smaller shear cracks were recorded. At 342 kN the crack openings were larger 
than 1 mm. Strain readings from the strain gauges mounted at both the compression
and tensile reinforcement are recorded in Figure 6.35. These strain readings indicates
that both the tensile reinforcement had reach the yield strength prior to the ultimate
failure load. Figure 6.36 shows the strain monitoring in the steel stirrups and here it is 
also noted that the steel stirrups had reached the yield strain prior to the ultimate failure
load. Note that three strain gauges mounted at the stirrup at a distance of s=250 mm 
was malfunctioning and therefore were the strains set to zero for these strain gauges. A
parabolic shape of the strain distribution is indicated by the strain readings from the
stirrup at a distance of 2s=700 mm from the load point origin. The principal tensile 
strain fields from the photometric strain monitoring are recorded in Figure 6.37 at a
load of 210 kN. These strain fields indicate that four shear cracks are forming. 
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Figure 6.34. A) Load and midpoint deflection. B) Ultimate shear failure combined with
crushing of the concrete in the upper part of the beam. 
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Figure 6.35. Strain measured by strain gauges in compression and tensile reinforcement. 
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Figure 6.36. Strain measured by strain gauges in stirrups. A) strains in stirrups located at
s=350 mm and B) strains in stirrup located at 2s=700 mm from the load point origin. 
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Figure 6.37. Principal tensile strain distribution at a load step of 210 kN.

K30s3M2G2

For this beam specimen the ultimate failure was crushing of the concrete in between
the two load points, see Figure 6.38 B. The load and deflection are recorded in Figure
6.38 B. A stagnation of the load increase is noted at the ultimate failure load. The strain 
readings from strain gauges mounted on the compressive and tensile reinforcement are
recorded in Figure 6.39. Here it could be noted that the compressive reinforcement
had reached the yield strain prior to the ultimate failure load. The strain gauge
monitoring on the steel stirrups are recorded in Figure 6.40. Here it is noted that the
strains in the stirrup at s=250 mm had reached the yield strain just prior to the ultimate 
failure load. A parabolic shape of the strain distribution is noted for the strain readings
in the stirrup located at s=500 mm from the load point origin. The strain gauge
readings from the vertical CFRP tows are recorded in Figure 6.41. The strain readings
from the vertical tow situated at 668 mm from the load point origin indicates on high 
tensile strain in the tow. Three visible small shear cracks were noted at the load of 285 
kN. The principal tensile strain from the photometric strain monitoring indicates on
three shear crack formations at the load step of 210 kN, see Figure 6.42. 
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Figure 6.38. A) Load and midpoint deflection. B) Ultimate failure, crushing of concrete in 
between the two load points.
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Figure 6.39. Strain gauge measurement for compressive and tensile reinforcement. 
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Figure 6.40. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=350 mm and B) strains in stirrup located at 2s=700 mm from the load point
origin.
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Figure 6.41. Strain gauge measurement of strains in the vertical CFRP tows. A) strains in
tow located at s=310 mm and B) strains in stirrup located at 2s=668 mm from the load 
point origin. 
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Figure 6.42. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.

K30s2M2G2r

The ultimate failure load for this beam specimen was crushing of the concrete in 
between the two load points, see Figure 6.43 B. Figure 6.43 A shows the load and 
deformation for the beam specimen. The strain monitoring of the compression and 
tension reinforcement along with the strain measurement on the NSMR bar at the
midpoint of the beam specimen is recorded in Figure 6.44. Prior to the ultimate load,
the tension steel reinforcement had reached the yield strain. The strain gauge
monitoring on the steel stirrups shows that the strain distribution has a fairly parabolic
shape see Figure 6.44. Further, the strain readings do not indicate that the steel stirrups
are close to the yield strain. The strain gauge readings from the vertical CFRP tows
show that there are some peaks in the strain readings at certain levels on the height of 
the beam. At load steps between 240-297 kN there were five visible inclined crack 
formations in the strengthened shear span. The principal tensile strain readings from the 
photometric monitoring indicate on five formations of inclined crack formations, see
Figure 6.47. 
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Figure 6.43. A) Load and midpoint deflection. B) Ultimate failure, crushing of concrete in 
between the two load points.
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Figure 6.44. Strain gauge measurement for compressive and tensile reinforcement. 
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Figure 6.45. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=250 mm and B) strains in stirrup located at 2s=500 mm from the load point
origin.
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Figure 6.46. Strain gauge measurement of strains in the vertical CFRP tows. A) strains in
tow located at s=225 mm and B) strains in stirrup located at 2s=425 mm from the load 
point origin. 
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Figure 6.47. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.

K30s2M2G2t2r

The ultimate failure mode for this beam specimen was crushing of the concrete
between the two load points. The load and midpoint deflection is recorded in Figure 
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6.48 A and the ultimate failure in Figure 6.48 B. In Figure 6.49 the strain gauge 
reading from the compression and tensile reinforcement indicates that both have
reached the yield strain prior to the ultimate load. The strain gauge reading from the 
NSMR, in Figure 6.49, shows a fairly linear elastic behaviour up to the ultimate load.
A parabolic shape of the strain gauge monitoring of the vertical CFRP tows can be
seen in Figure 6.50 for the tow located at s=500 mm from the load point origin. Four 
visible inclined cracks were noted during the testing in the load steps from 230 to 276 
kN. The photometric strain measurement for the principal tensile strain indicates on 4-
5 inclined crack formations at the load step of 210 kN.
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Figure 6.48. A) Load and midpoint deflection. B) Ultimate failure, crushing of concrete in 
between the two load points.
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Figure 6.49. Strain gauge measurement for compressive and tensile reinforcement. 
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Figure 6.50. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=250 mm and B) strains in stirrup located at 2s=500 mm from the load point
origin.
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Figure 6.51. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.
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6.4.3 Concrete quality K60 

K60s0

The ultimate failure mode for this non-reinforced and non-strengthened beam
specimen was a typical shear failure. The first visible shear crack was noted at a load of 
125 kN, this crack propagated until the ultimate failure. Note that two shear cracks was 
formed at the ultimate limit state. This behaviour is the consequences of that the beam
specimen was further loaded after the ultimate shear failure, this is however not
recorded in the load and midpoint deflection. Therefore, the second shear originates
from the dowel action after the ultimate limit state. Figure 6.52 A shows the load and 
midpoint deflection and shows Figure 6.52 B the ultimate failure. 
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Figure 6.52. A) Load and midpoint deflection up to failure. B) Ultimate shear failure. 

K60s3

The ultimate failure mode was shear failure for this beam specimen. The first shear
crack formation was observed at a load step of approximately 150 kN and was located 
between a distance of 2s=700 mm and s=350 mm from the load point origin. At 200 
kN the shear crack had propagated even further towards the load point origin. Figure
6.53 shows the load and midpoint deflection up to the ultimate failure load and to a
midpoint deflection of 27 mm. The ultimate failure was sudden and the stirrup located
at 2s=700 mm was ruptured. Strain gauge readings from the compression and tensile 
reinforcement indicates that the tensile reinforcement had reach the yield strain just 
prior to the ultimate load, see Figure 6.53 B. Stain gauge monitoring of the steel 
stirrups are recorded in Figure 6.55 for stirrups located at s=350 mm and 2s=700 mm 
from the load point origin. The strain distribution of the stirrup located at s=300mm
indicates in higher strain in the upper part of the height of the beam. For the stirrup at 
2s=700 mm, the strain measurements indicates that the yield strain was reached prior to 
the ultimate failure load. At a load step of 265 kN three visible inclined crack was 
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observed. In the photometric strain measurement of the principal tensile strain fields
three inclined cracks are forming at a load step of 210 kN, see Figure 6.56. 
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Figure 6.53. A) Load and midpoint deflection. B) Strain gauge measurement for compressive 
and tensile reinforcement. 

A B

Figure 6.54. Ultimate shear failure. A) Shear crack and B) rupture of steel stirrup 
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Figure 6.55. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=350 mm and B) strains in stirrup located at 2s=700 mm from the load point
origin.
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Figure 6.56. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.
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K60s2

The ultimate failure for this beam specimen was crushing of the concrete in the
compression zone in between the two load points, see Figure 6.57 B. The load and
midpoint deflection is recorded in Figure 6.57 A and here a stagnation of the load
increase in noted for load steps prior to the ultimate failure. Strain gauge readings from 
the compression and tensile reinforcement indicate that the yield strain was reached
prior to the ultimate failure load. Strain gauge readings from the stirrups are recorded in
Figure 6.58 for stirrups located at s=250 mm and s=500 mm from the load point 
origin. Here it is noted that the stirrup at s=500 mm has higher strains compared to the
stirrup at s=250 mm. Note that two of the strain gauges located at a lower height of
the beam are malfunctioning and therefore these strain gauge readings are set to zero.
The first inclined crack was noted at a load step of 167 kN. At 280 kN three visible
inclined crack formations was noted. The photometric strain monitoring of the
principal tensile strain indicates that three inclined crack are forming at the load step of 
210 kN, see Figure 6.60. 
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Figure 6.57. A) Load and midpoint deflection. B) Ultimate failure, crushing of concrete in 
between the two load points.
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Figure 6.58. Strain gauge measurement for compressive and tensile reinforcement. 
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Figure 6.59. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=250 mm and B) strains in stirrup located at 2s=500 mm from the load point
origin.
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Figure 6.60. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.
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K60s2r

This beam specimen was flexural strengthened with the use of NSMR. The ultimate
failure mode for this beam specimen was shear failure, see Figure 6.61 B. The shear
failure was sudden and a fast decrease of the load is noted in Figure 6.61 A. The strain
gauge readings from the compression reinforcement, tensile reinforcement and NSMR 
bar are recorded in Figure 6.62. From these strain reading it is clear that the tensile
strain reading in the NSMR are higher for the same load compared to the strains in the
tensile reinforcement. The yield strain was reached for the tensile reinforcement prior 
to the ultimate failure load. Strain gauge readings from the stirrups indicates that the
stirrup located at 2s=500 mm from the load point origin has higher strains than the
stirrup located at s=250 mm ,see Figure 6.63. Note that the strain gauge located at the 
middle of the height of the beam seems to be malfunctioning after a load step of 200 
kN. The first visible inclined crack was noted at a load step of 200 kN and up to the
failure load only one visible shear crack was noted. The photometric strain
measurements for the principal tensile strain indicates that two inclined cracks are
forming at a load step of 210 kN, see Figure 6.64. 
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Figure 6.61. Load and midpoint deflection. B) Ultimate failure, shear failure combined with
crushing of concrete in the upper part of the beam. 
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Figure 6.62. Strain gauge measurement for compressive and tensile reinforcement and NSMR 
bar.
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Figure 6.63. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=250 mm and B) strains in stirrup located at 2s=500 mm from the load point
origin.
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Figure 6.64. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.

K60s3M2G2

The ultimate failure mode for this beam specimen was crushing of the concrete in the
compression zone located between the two load points, see Figure 6.65 B. The failure
was not sudden and a stagnation of the load increase at the ultimate limit state is noted
in Figure 6.65 A. The strain gauge readings for the tensile reinforcement and NSMR
bar indicates that the strains are the same for the NSMR bar and tensile reinforcement
until the tensile reinforcement starts to yield, see Figure 6.66. In the ultimate limit state
the strain gauge measurement for the compression reinforcement indicates that the
yield strain was reached, see Figure 6.66. The strain gauge readings for the stirrups are 
recorded in Figure 6.67. There are no large differences in the strain levels between the
stirrups located at s=350 mm and 2s=700 mm. The first visible inclined crack was 
noted at a load step of 215 kN. At the load step of 270 kN three visible inclined cracks 
was noted. The photometric strain measurement for the principal tensile strain indicates
that two major inclined cracks are forming at a load step of 210 kN.
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Figure 6.65. A) Load and midpoint deflection. B) Ultimate failure, crushing of concrete in 
between the two load points.
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Figure 6.66. Strain gauge measurement for compressive and tensile reinforcement and NSMR 
bar.
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Figure 6.67. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=350 mm and B) strains in stirrup located at 2s=700 mm from the load point
origin.
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Figure 6.68. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.
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K60s2M2G2r

The ultimate failure for this beam strengthened with both the MBC and the NSMR
strengthening system was crushing of the concrete in the compression zone of the
beam. The ultimate failure was located between the two load points, see Figure 6.69 B.
The load and midpoint deflection indicates that there is some stagnation of the load
increase in the ultimate limit state, see Figure 6.69 A. The strain gauge readings from
the compression reinforcement, tensile reinforcement and NSMR bar are recorded in 
Figure 6.70. The NSMR bar has higher strains than the tensile reinforcement at the
same load step. The tensile reinforcement reached the yield strain prior to the ultimate
load. The strain gauge readings from the stirrups located at s=250 and 2s=500 mm
from the load point origin is recorded in Figure 6.71. The shape of the strain
distribution in the stirrup at 2s=500 mm differs from the strains in the stirrup located at
s=250mm, the latter has higher strain in the upper part of the beam. The first visible 
inclined crack was noted at a load step of 212 kN and at a load step of 300 kN three 
visible inclined cracks was noted. The photometric strain measurement for the principal
tensile strain distribution indicates that two major inclined cracks are forming at the
load step of 210 kN. 
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Figure 6.69. A) Load and midpoint deflection. B) Ultimate failure, crushing of concrete in 
between the two load points.
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Figure 6.70. Strain gauge measurement for compressive and tensile reinforcement and NSMR 
bar.
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Figure 6.71. Strain gauge measurement of strains in the vertical stirrups. A) strains in stirrups 
located at s=250 mm and B) strains in stirrup located at 2s=500 mm from the load point
origin.
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Figure 6.72. Principal tensile strain distribution measured by photometric strain measurement
at a load step of 210 kN.
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Evaluation of test results 

7 Evaluation of test results

7.1 Tensile test of CFRP grid 

In this section the mechanical properties of the three different CFRP grids used for the
shear strengthening of concrete beam specimens are evaluated. Different mechanical
parameters to be obtained are the ultimate failure stress and strain and the modulus of
elasticity (MOE). The MOE is taken according to Hooke’s law as the proportional
factor between the stress and strain, see Figure 7.1 and eq. 7.1. The failure stress is 
obtained by using eq. 7.3. Both the tensile load and the strain are obtained from the
experimental set-up. The fibre area on the other hand, is taken from the manufacturer.
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Figure 7.1. Stress-strain relationship for linear elastic materials. 
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7.1.1 Grid S 

The ultimate tensile strength is calculated using eq. 7.3, this is recorded in Table 7.1.
By using equation 7.2 the tensile stress can be obtained. The stress and strain for the 
same grid specimens as shown in the previous chapter are recorded in Figure 7.2 for 
tow in length direction and for tow in cross direction. When calculating the MOE two
methods can be used. Either using eq. 7.1 in two points representative for the linearity
or a linear regression. The MOE in this evaluation was obtained using linear regression.
The difference between the ultimate tensile strength between cross and length
directional tows is apparent due to the smaller fibre area in the cross tows. This
relationship also influences the MOE. Note that the coefficient of variance is
reasonable low which indicates on small scattering in the evaluated population.

Table 7.1.Mechanical properties for grid S (fibres).

Fu

[kN]
Afibre

[mm2]
u,fibre

[MPa]
Efibre

[GPa]

S1L 1.2 3609 278

S2L 0.9 2864 282

S3L 1.2 0.3279 3692 282

S4L 1.1 3444 278

S5L 1.4 4119 271

Mean value 1.2 - 3546 278

COVA 0.13 - 0.13 0.02

S1C 1.3 5330 355

S2C 0.9 5539 371

S3C 1.2 0.2395 4574 380

S4C 1.1 5159 345

S5C 1.4 5468 378

Mean value 1.3 - 5214 366

COVA 0.07 - 0.07 0.04
A Coefficient of variance
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y = 378,17x + 140,67
R2 = 0,9997

y = 282,12x - 14,381
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Figure 7.2. Stress strain relationship for specimen S3L and S5C, incl. linear regression
analysis for MOE.

7.1.2 Grid M 

Tensile stress and modulus of elasticity has been obtained in the same way for Grid S. 
Failure load, fibre area, ultimate tensile stress and MOE is recorded in Table 7.2. There
are no large differences in between the two tow directions regarding the ultimate
tensile strength, although both tows have the equal fibre area. The MOE on the other
hand is quite differs when comparing the two tow directions. Tows in the cross
direction generally has lower MOE and larger variation in the population. Stress strain
relation ships for the same tow specimens recorded in the previous chapter are recorded
in Figure 7.3 for the tows in length and cross direction. The linear regression to obtain
the MOE is also shown in these figures.

163



Table 7.2. Mechanical properties for grid M (fibres).

Fu

[kN]
Afibre

[mm2]
u,fibre

[MPa]
Efibre

[GPa]

M1L 3.1 3377 450

M2L 4.1 4505 352

M3L 3.5 0.9184 3831 337

M4L 4.1 4413 429

M5L 4.6 4967 377

Mean value 3.9 - 4219 404

COVA 0.15 - 0.15 0.09

M1C 4.5 4939 348

M2C 4.6 5052 418

M3C 3.9 0.9184 4263 438

M4C 4.7 5126 424

M5C 3.4 3722 394

Mean value 4.2 - 4620 389

COVA 0.13 - 0.13 0.13

A Coefficient of variance
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R2 = 0,9995
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Figure 7.3. Stress strain relationship with a linear regression for the MOE, specimen M2L
and M5C.
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7.1.3 Grid L 

Ultimate tensile strength and MOE for the tows was obtained in the same manner as
for previous grids. There are no large differences in between mean values of the
ultimate tensile strength for the length and cross directional tows, despite that the fibre
area in the cross direction is smaller. The MOE is higher for the tows in the cross
direction, there are no large variations for the MOE in the populations of the different
tows. Stress strain relationships and regression for the MOE for the tow specimens,
same as previous chapter, are recorded in Figure 7.4 for the length and cross direction 
respectively.

Table 7.3. Mechanical properties for grid L (fibres).

Fu

[kN]
Afibre

[mm2]
u,fibre

[MPa]
Efibre

[GPa]

L1L 3.99 3146 299

L2L 5.10 4021 288

L3L 5.24 1.2684 4130 347

L4L 5.85 4615 344

L5L 4.40 3472 323

Mean value 4.92 - 3877 320

COVA 0.15 - 0.15 0.08

L1C 3.34 3122 416

L2C 3.96 3702 392

L3C 4.14 1.071 3865 409

L4C 4.86 4534 455

L5C 3.89 3637 446

Mean value 4.04 - 3772 423

COVA 0.13 - 0.13 0.06

A Coefficient of variance
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y = 416,47x + 75,303
R2 = 0,9986 y = 346,64x - 87,534
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Figure 7.4. Stress strain relationship with a linear regression for the MOE, specimen L1C 
and L3L. 

7.1.4 Experimental and manufacturer mechanical properties

It is important that the mechanical properties are valid when using these in a design 
approach. A comparison between the mechanical properties between the values
provided from the manufacturer and the experimental values are therefore evident.
Table 7.4 shows the experimentally tensile properties and the properties provided by 
the manufacturer. All of the values are for comparison reasons taken for in the cross
section area of carbon fibre used in each tow, not including the resin matrix. All of the 
experimental values are mean values, see Table 7.1 and Table 7.2 and Table 7.3. A 
comparison between experimental and manufacturer values for the mechanical
properties indicates that the experimentally obtain tensile failure stress is generally
higher, except for the cross directional tow in the L grid. However, the manufacturer
values are given with an allowance of ±5 to 10 %. The experimental tensile failure
stress for the cross directional tow for the L grid, lies within this interval. Regarding the
experimentally obtained MOE, it is also generally higher than the manufacturer
provided values. Except for the cross directional tows in the S grid, were it is much
lower than the allowance limitations. Considering the manufacturer values, the MOE is
always lower for the tows in the length direction. The manufacturing process may have
a decisive influence for this outcome. The grids are made in such a way that the carbon
fibres in the cross directional tows are made of one bundle and the tows in the length
direction are made of two bundles, situated over and under the cross directional tow. 
The tows are then coated and bonded together by an epoxy matrix. 
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Table 7.4. Experimental values and values provided by the manufacturer.

Experimental values Manufacturer values

Grid sample 
Tensile
failure
stress
[MPa]

MOE

[GPa]

Failure
strain

[‰]

Tensile
failure
stress
[MPa]

MOE

[GPa]

Cross section
area [mm2]

Length 3546 278 12.5 2950 262 0.3279
S

Cross 5214 366 14.0 4300 589 0.2395

Length 4219 404 10.5 3800 253 0.9184
M

Cross 4620 389 11.1 3800 284 0.9184

Length 3877 320 12.8 3800 201 1.2684
L

Cross 3772 423 8.3 3800 288 1.0710
All values are calculated for the cross section area of the carbon fibre amount used in each grid sample. The same cross
section area has been used for both the experimental values and the values provided by the manufacturer.

7.2 Pilot study on flexural strengthening

The main purpose with an experimental study on flexural strengthening was mainly to 
evaluation the suitability of potential mortars as bonding agent in the MBC
strengthening system. Average failure load and typical failure modes for the best
performing specimens using different mortars as bonding agent in the MBC system are
recorded in Table 7.5. Regarding the ultimate load, the MBC strengthening system
does not only contribute to the increase in load bearing capacity by adding a stronger
material such as CFRP. Using a thick bonding layer will contribute to an increase of
the cross section as well and therefore also to the moment of inertia. By just studying
the ultimate load when using different bonding agents, mortar 3 has the highest failure
load. However, there are little differences in the average failure loads when using
mortar 2 and mortar 3. Beside the load capacity it is of interest to study the bond
performance when using the different bonding agents (mortars). When using mortar 2 
as bonding agent fibre rupture was achieved, see chapter 6. For all specimens using
mortar 3 as bonding agent, the failure mode was debonding in the transition zone
between the mortar and base concrete. Mortar 3 contains more fibres, than the other 
mortars, this leads to a quicker redistribution of stresses in the cross section which is 
shown in the load and midpoint deflection as smaller dips, see Figure 6.12. The crack
distributions are therefore more effective due to more and smaller cracks. Mortar 4 had
the lowest average failure load and the failure mode was splitting of the mortar in the
transition zone between CFRP grid and mortar. It was also noted in the experimental
program that the bond between CFRP and mortars was poor, e.g. the mortar had
problems wetting the surface of the CFRP grid. This phenomena is shown in Figure
7.5, here it should be noted that only small fragments of mortar was adhered to the
surface of the CFRP grid. The bond between mortar and CFRP grid seems to be
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partly of type, mechanical anchoring. The distance between the CFRP tows could 
therefore be a significant factor determining the performance of the MBC 
strengthening system. Further, for this experimental program mortar 2 and 3 are, based
on these results from the pilot study, selected as suitable bonding agents for the MBC
strengthening system.

Table 7.5. Average failure load and typical failure mode for small scale concrete beam
specimens, based on the type of mortar used as bonding agent. 

Bonding
agent

(concrete
beam)

Failure load for each group
of beams 

[kN]

Typical failure modes

Mean Standard
deviation

Reference 3.1 0.04 Flexure

Mortar 2 8.26 0.57 Fibre rupture and splitting of the mortar

Mortar 3 8.38 0.49 Bonding failure

Mortar 4 7.78 0.58 Splitting of the mortar

A B

Figure 7.5. A) CFRP tow ruptures when using mortar 2. B) Mortar surface in the transition
zone between CFRP grid and mortar. 

7.3 Shear strengthening

In the experimental program to evaluate the behaviour of the MBC strengthening
system there are parameters that varied, e.g. bonding agents, steel reinforcement design,
geometry of the bonding agent and CFRP grid and mechanical properties of the 
CFRP grid. A matrix presenting the different variations of varied parameters for the 
shear strengthening reinforced concrete beam specimens are presented in Table 5.7. 
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This section is divided into five main parts. The first part describes the experimental
program for the specimens corresponding to concrete quality K40 without steel shear
reinforcement. The second part describes the influence on steel shear reinforcement
and the interaction between the stirrups and the MBC system. The third evaluates the 
influence of the NSMR strengthening. The fourth, desribes the strain distribution 
along inclined cracks obtained by the photometric strain monitoring is presented. In
the last section an evaluation of the analytical shear bearing capacity of the MBC system
is presented and compared to experimental results. Some results from Chapter 6 will be
repeated to facilitate understanding.

7.3.1 Concrete quality K40 

Failure loads, strengthening effect and the carbon fibre amount in both vertical/cross
direction and horizontal/length direction are recorded in Table 7.6. Strengthening
effects are taken as the failure load for the unstrengthened reference beams divided by 
the failure load for the strengthened beams. First, strengthening a beam with the use of
only mortar increases the failure load of approximately 15%. It is also clear that 
increasing amount of carbon fibres in the grid also increase the failure load. There are
only small differences by using mortar 2 and 3 as a bonding agent. However, by using
mortar 1 with the lowest mechanical properties a significant decrease in strengthening
effect can be noticed. When comparing the MBC system using the highest amount of 
carbon fibres in grid M to the epoxy based strengthening system using vertical sheets
only small variations in the strengthening effects are noted. Although, the carbon fibre 
amount in the sheets are almost 30 % higher. But then again the failure mode was 
debonding for the specimens strengthened with the epoxy based system and not fibre 
rupture as for the case using the MBC system. For carbon fibre sheets applied in the
horizontal direction show only small strengthening effects.
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Table 7.6. Failure load, strengthening effect and carbon fibre amount. 

Carbon fibre amount
[g/m2]

Failure load
[kN]

Strengthening
effect

Cross (90°) Length (0°)
K40s0 - - 123.5 -

K40s0* - - 126.7 -

K40s0M2 - - 141.9 1.15

K40s0-M2-G2a 84 75 244.9 1.98

K40s0-M2-G2b 84 75 241.9 1.96

K40s0-M3-G2 84 75 235.1 1.90

K40s0-E2-S90 200 - 259.9 2.10

K40s0-E1-S0 - 200 153.4 1.24

K40s0-M2-G1* 32 34 208.1 1.64

K40s0-M2-G2* 84 75 251.9 1.99

K40s0-M2-G3* 47 51 206.4 1.63

K40s0-M1-G3* 47 51 180.1 1.42

* The deformation rate during loading was not controlled, test performed at DTU 

Load and deflection
The load and deflection for test performed at LTU are recorded in Figure 7.6. The 
beams tested at DTU are not recorded in Figure 7.6 due to the fact that the 
experimental set-up was controlled by loading and not by deformation as the LTU
tested beams. Figure 7.6 presents the influence of the MBC system compared to the
epoxy based strengthening system. By strengthening, in shear, no large increase in
stiffness will be obtained. There are only small variations when comparing the stiffness
for the specimens strengthened with the MBC system to the epoxy based system.
There is a 15% increase in shear bearing capacity for the specimen strengthened with 
only mortar. This supports the theory suggested in chapter 3. When using epoxy
bonded carbon fibre sheet applied horizontally an increase of 24% in shear bearing
capacity is achieved. By adding a CFRP grid or aligning the sheet vertically a much
higher bearing capacity and deflection is achieved.
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Figure 7.6. Load and midpoint deflection for strengthened concrete beams, performed at LTU. 

Crack formations and failure 
One benefit with the MBC system compared to epoxy based strengthening system is 
the appearance of visual cracks prior to failure. If this is an advantage for the MBC
system or not can of course be discussed. Common for all beams strengthened with the
MBC system is the initial formations of bending cracks at the bottom side of the beam
which gradually forms combined flexural/shear cracks which eventually leads to shear
cracks. Ultimate shear crack angle and the load of first appearance of shear cracks are
recorded in Table 7.7. 

Table 7.7. Failure load, strengthening effect and carbon fibre amount. 

Ultimate shear
crack angle

[-°]

First visual shear
crack
[kN]

Failure load

[kN]
K40s0 30 - 123,5

K40s0* 34 - 126,7

K40s0M2 32 141 141,9

K40s0-M2-G2a 36 170 244,9

K40s0-M2-G2b 32 175 241,9

K40s0-M3-G2 37 160 235,1

K40s0-M2-G1* 34 171 208,1

K40s0-M2-G2* 34 162 251,9

K40s0-M2-G3* 31 161 206,4

K40s0-M1-G3* 32 140 180,1

For concrete beams with no shear reinforcement, the shear crack should be more flat
than a specimen reinforced in shear. Although, the ultimate shear crack angle readings
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does not support this. However, for the beam specimens loaded with deformation
control, an increase in shear crack angle is indicated. The first visual shear cracks for the
MBC strengthened specimens are forming in the centre of the load span between the 
reference load and ultimate load. The geometry of the examined grid seems to have
small influence on the crack formation. However by using a grid with smaller tow
distance seems to generate higher first crack load. Using a mortar with inferior
mechanical properties leads to premature crack formations. Typical crack formations
and ultimate failure for the MBC system are shown in Figure 7.7. 

A B C

D E

Figure 7.7. A) early stage shear cracks for K40s0M2G2a. B) Early stage cracking for
K40s0M1G3. C) Ultimate shear crack for K40s0M2G2a. D) Fibre rapture of both vertical
and horizontal tows for grid M. E) Slippage of and breakage of horizontal tow. 

Strain gauge monitoring

Beam specimen K40s0M2G2a had strain gauges mounted at a presumed shear crack
line of 30° on both horizontal and vertical tows. Figure 7.8 shows the placement
scheme of the strain gauges, odd numbers represent strain gauges applied on vertical
tows and even numbers strain gauges on horizontal tows. Strains along the presumed
shear crack are recorded in; Figure 7.9 for horizontal tows and Figure 7.10 for vertical
tows. Note that all strain gauges are mounted on the other side of the beam, see
ultimate shear crack in Figure 7.8. 
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Figure 7.8. To the left, strain gauge scheme. To the right, ultimate failure, the white line
represents the strain gauge line. 
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Figure 7.9. Strain gauge readings for SGs mounted on horizontal tows, at three different load
steps.
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Figure 7.10. Strains in vertical tows along the presumed shear crack line, at three different
load steps. 

The strains measured in the horizontal tows give a fair estimation of the horizontal
strain distribution in the grid. Tensile strains in the lower part of the beam which
gradually becomes compression strain in the upper part of the beam. Theoretically the 
strain distribution in the vertical direction should have a more parabolic behaviour, see 
chapter 2 and 3. Note, that the strain gauge line missed the ultimate shear crack but the
strain gauges mounted near the bottom of the beam were close to the ultimate shear
crack, see Figure 7.11. The maximum vertical strain is approximately 5‰ this is far 
from the ultimate strain of the vertical CFRP tow. Strain readings from both the
horizontal and vertical tows indicate on that the grid is not carrying high strain in the
early stage of loading. However, a fast increase takes place in the final stage of loading,
in agreement with the formation of cracks.

Shear crack 

Figure 7.11. Strain gauge assessment missing the ultimate shear crack. 
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Photometric strain monitoring 

Principal strains and their direction for four different load steps are recorded in Figure 
7.12 for beam specimen K40s0M2G2b. Strain fields for the principal strains are taken in 
the strengthened shear span, red strains indicates principal tensile strains and blue 
principal compressive strains. The sizes of the principal strains are not shown but all
load steps have the same scale, the sizes of the principal tensile strain are shown in
chapter 6. It is possible to see the crack formation and growth from the principal strains
at the different load steps. For a shear load of 100 kN there are no shear crack
formations. Increasing the load step to 150 kN a possible shear crack formation is 
noticed. Further increasing the load step to 200 kN a clear shear crack formation is
apparent. At a load step of 240 kN just prior to failure (241.9 kN) large principal strains
are noted. However, these large strains cannot be regarded as real strain values due to 
that the shear crack has opened. In the open shear crack there are by definition no 
strains but the photometric strain monitoring measures a large movement of the sub-
picture and thus returning large “fictive strains”. The crack formations coincide with 
the cracks noted at the failure test. Note that the photometric strain monitoring
indicates crack formations before they are visible to the naked eye. Figure 7.12 also 
shows the strains distribution in the vertical direction for the load step 200 kN. The 
vertical strains clearly indicate the formation of the ultimate shear crack. Large strains in 
the centre of the shear crack cannot be regarded as reliable values due to the crack 
opening mentioned earlier. It is possible to compare the global photometric strain
readings to the local strain gauge readings, although the SGs are mounted on the grid 
and the photometric strains are measure on the surface of the mortar. Photometric
strain measurement in the vicinity of the applied strain gauge line are in the range of
>2 ‰ which are a bit higher than the strain gauge readings but still in the same region.
A better comparison could have been made if the strain gauge line was applied closer to
the actual ultimate shear crack.
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Figure 7.12. Photometric strain measurements. Principal strains A) 100 kN, B) 150 kN,
C) 200 kN and D)240 kN. E) Is the vertical strains for the load of 200 kN
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7.3.2 Influence of steel reinforcement 

The beams with high amount of shear strengthening failed in flexure and concrete
crushing. These sets of beams are therefore evaluated for the load steps prior to 
compression failure. A different design of the concrete beam geometry, like a T -
section, were not chosen with respect to the reference material on previous performed 
shear strengthening on the chosen concrete beam geometry. Material properties for the 
longitudinal flexural steel reinforcement and the steel stirrups are recorded in appendix
A. The yield strain for the tensile reinforcement was 2,79‰ and for the stirrups 2,84‰.

Concrete quality K30 

The cube strength tests, see appendix A, show that the concrete quality did not meet 
the desired requirements. In this case the concrete quality, K30, have similar 
compressive and tensile properties as the K40 quality. The failure load for the
unreinforced and unstrengthened concrete beam specimen with concrete quality K30 is
in the same range as for the similar K40 specimen. The failure modes for these
specimens are also the same, shear failure in concrete (S).

Load and deflection
Figure 7.13 shows the shear load and midpoint deflection curves for all of the K30 
specimens. Comparing specimen K30s3 and K30s3M2G2 it can be seen that the MBC
strengthened specimen has lower failure mode, but on the other hand has a small
increase in stiffness. The deformation to load ratio is similar for the K30 specimens with
the internal stirrup distance of 250 mm and MBC strengthened with different thickness
of the bonding layers. The specimen with less thickness has a lower failure load. Note
that the specimen with less thickness of the mortar layers has the same ultimate failure
mode, compression in the concrete. This is explained in section that evaluates the
strains in the longitudinal reinforcement. 
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Figure 7.13. Load and midpoint deflection for beam specimens with concrete quality K30.

Strain gauge monitoring 
Strains obtained from the strain gauges on the reinforcement are recorded in Figure
7.14 for beam specimens with stirrup distance 350 mm and 250 mm. All of the beams
with internal stirrup distance of 250 mm are also flexural strengthened using NSMR.
Considering the beams with internal stirrup distance 350 mm, the strains indicate that
the bottom tensile steel reinforcement starts to yield at strain levels of 2500-3000

strain. A comparison to the specimens with internal stirrup distance of 350 mm it can 
be noticed that the NSMR strengthening tends to relief the tensile reinforcement thus
the beam is generating higher load bearing capacity for a lower tensile strain in the 
reinforcement and give additional load bearing capacity when the tensile steel
reinforcement is yielding. For the beam specimen with less thickness of the bonding 
agent, K30s2M2G2t2r, the tensile strain decreases just prior to the ultimate load and 
then near the ultimate failure load the tensile strain increases. This behaviour can be
caused by variation of the significant parameters contributing to the shear bearing
capacity, between K30s2M2G2r and K30s2M2G2t2r.

178



Evaluation of test results 

-4000 -2000 0 2000 4000 6000 8000
Strain [ m/m]

0

100

200

300

400

S
he

ar
 lo

ad
 [k

N
]

K30s3
K30s3M2G2

-4000 -2000 0 2000 4000 6000 8000
Strain [ m/m]

0

100

200

300

400

S
he

ar
 lo

ad
 [k

N
]

K30S2M2G2r
K30s2M2G2t2r

Figure 7.14. Strain in both compression and tensile reinforcement. To the left, specimens with
stirrup distance 350 mm. To the right, specimens with stirrup distance 250 mm.
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A Comparison of the strains in the stirrups for both beam specimens with and without
MBC strengthening is recorded in Figure 7.15 and Figure 7.16 for the beam specimens
with 350 mm between the stirrups. Common for all strains is that low values are
monitored for load steps prior to the failure load of specimen K30s0 without stirrups 
(<100 kN). It is clear that the strains in the stirrups for the specimens with MBC 
strengthening have lower strains at the same load steps. Note that the three strains
gauges located at the lowest points on specimen K30s3 in Figure 7.15 is out of order 
and therefore the odd shape of the strain distribution. Malfunctioning strain gauges are
set to zero. Strains in the stirrups located at different distance from the load point origin
can be compared for beam K30s3 and K30s3M2G2 in Figure 7.15 and Figure 7.16. 
For the beam specimen without the MBC strengthening higher strains are monitored
for the same load step. It is close to hand to state that the MBC strengthening system
does reduce the strain levels in the stirrups even for lower load step, e.g. 200 kN. 
Strains measured at a load level of 325 kN indicates that both monitored stirrups for the 
unstrengthened beam specimen are yielding at discrete points. For the MBC
strengthened beam the only stirrup yielding is the stirrup at a distance of s=350 mm.
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Figure 7.15. Strains measured at different load steps in the stirrup closest to the load point, 
s=350 mm. To the left, K30s3 and to the right K30s3M2G2.
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Figure 7.16. Strains measured at different load steps in the stirrup second closest to the load
point, s=700 mm. To the left, K30s3 and to the right K30s3M2G2.

A comparison between the strains in the stirrups and in the vertical CFRP tows at
approximately the same location is showed is Figure 7.17 and Figure 7.18. The strains
in the vertical CFRP tows have locally higher strains for the first load steps, up to a
shear load of 300 kN. At 325 kN (failure 336 kN) the strain in the vertical CFRP tow 
at 310 mm from the load point has locally been reduced in the upper part of the beam.
Note that a shear crack has propagated crossing SGs on the vertical CFRP tows, see
Figure 7.19. For strain gauges applied at 668 mm from the load point origin this is 
crack formation is noted as a high increase in local strain at a height of the beam of 
300-350 mm, see Figure 7.18. This high local strain reached beyond 15‰ prior to the
failure load. This strain is higher than the ultimate strain of the vertical tow. Such strain
levels indicates on fibre rupture, but no visible proof of such an occurrence was evident
during testing.
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Figure 7.17. Strains measured in steel stirrup s=350 mm (to the left) and strains in vertical
CFRP tow (to the right) at 310 mm distance from the load point. For specimen
K30s3M2G2.
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Figure 7.18. Strains measured in steel stirrup s=700 mm (to the left) and strains in vertical
CFRP tow (to the right) at 668 mm distance from the load point. For specimen
K30s3M2G2.

Load point 

Figure 7.19. Shear crack distribution after failure load, beam K30s3M2G2. White dots
indicates strain gauges. 

Specimens with an internal stirrup distance of 250 mm have significantly smaller strains 
in the stirrups than specimens with 350 mm stirrup distance, due to the increased
reinforcement ratio. Monitored strain distributions in the stirrups are recorded in 
Figure 7.20, Figure 7.21 and Figure 7.22. When comparing the strains in the stirrups 
between the specimens with thinner layer of cementitious bonding agent to a specimen
with thicker bonding layer no large variations are noted. Measured strains in the 
stirrups indicate on a fairly parabolic distribution in the stirrups. However, one 
interesting observation is that the strains in the vertical CFRP tows shows high local
strains consistent to the formation of shear cracks, see Figure 7.21, Figure 7.22 and
Figure 7.23. In Figure 7.23 it is shown that two shear cracks are crossing the strain
gauges at a distance of 225 mm from the point load. This can also be noted two local
peaks in the monitored strains in the vertical CFRP tow, see Figure 7.21. Further, the 
same behaviour is noted for strain gauges on the CFRP applied at a distance of 425
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mm from the point load origin. The peaks in the strain measurements are consistent to
the formation in middle of the height of the beam.
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Figure 7.20. To the left, strains in stirrup at s=250mm. To the right, strains in stirrup at
s=500mm. For specimen with thinner layer of bonding agent, K30s2M2G2t2r.
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Figure 7.21. To the left, strains in stirrup at s=250mm. To the right, strains in vertical
CFRP tow at s=225mm. For specimen K30s2M2G2r.
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Figure 7.22. To the left, strains in stirrup at s=500mm. To the right, strains in vertical
CFRP tow at s=425mm. For specimen K30s2M2G2r.

Load point 

Figure 7.23. Shear cracks in the strengthened shear span after failure load, specimen
K30s2M2G2r. White dots indicates the location of strain gauges on the CFRP grid. 

Photometric strain monitoring
Using photometric strain monitoring gives a excellent overview of the global strain
distribution for the monitored area. With photometric strain monitoring it is possible 
to obtain a good estimate regarding the crack formation. Figure 7.24 shows the 
monitored principal strains at different load steps for an examined area of 880 x 500
mm close to the point load origin for beam specimens with a stirrup distance of 350 
mm both with and without the MBC strengthening system. The load steps are taken as
shear loads of 100, 200 and 260 kN. By comparing the specimens with and without the
MBC strengthening system it is clear that the MBC strengthening system reduces the
strains even for lower load steps. For the load step of 100 kN it is shown that the MBC 
system reduces the horizontal strains that induces bending cracks. When the load is 
increased the MBC system still reduces the principal strains. Blue notates principal
tensile strains and red principal compressive strains.

A comparison of the monitored photometric principal strains for beam specimen with
an internal stirrup distance of 250 mm and different thickness of the bonding agent is 
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shown in Figure 7.25. There no significant differences between the strains measured at 
the surface of the beam specimens with different mortar thickness at the first load steps.
However, at a load step of 300 kN the beam specimen with thinner layer of mortar has
somewhat higher principal tensile strains along the major inclined crack. All of the 
recorded principal strains have the same scale. No strain levels are recorded only the 
normalised values and the direction. For values on the principal strain the reader is
referred to chapter 6. 

185



A B

C D

E F

P

880

Figure 7.24. Photometric strain measurements. Principal strains A) K30s3 at 100 kN, B) 
K30s3M2G2 at 100 kN, C) K30s3 at 200 kN, D)K30s3M2G2 at 200 kN. E) K30s3
at 260 kN and F) K30s3M2G2 at 260 kN.
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Figure 7.25. Photometric strain measurements. Principal strains A) K30s2M3G2r at 100
kN, B) K30s2M2G2t2r at 100 kN, C) K30s2M2G2r at 200 kN, D)K30s3M2G2t2r
at 200 kN. E) K30s2M2G2r at 300 kN and F) K30s3M2G2t2r at 300 kN.
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Concrete quality K60 

Reinforced concrete beams with a concrete corresponding to a quality of K60 have a
higher failure loads compared to similar beams with a concrete quality corresponding to
K30, see Table 5.7. The failure modes varied from crushing of the compression zone to
shear failure. Specimen with internal stirrup distance of 250 mm and no shear 
strengthening had a compression failure mode. After flexural strengthening with the use
of NSMR strengthening system a shear failure mode was obtained.

Load and deflection
Load and midpoint deflection for all of the specimens with concrete quality
corresponding to K60 are recorded in Figure 7.26. For specimens with internal stirrup
distance of 350 mm, strengthening with MBC increases the shear load bearing capacity
and changes the failure mode from shear failure to concrete compression failure.
Comparing a MBC strengthened specimen with internal steel stirrups at 350 mm and a
unstrengthened specimen with internal stirrups at 250 mm it is evident that both of
them reach the ultimate bearing capacity (compression failure) at the same load range.
However the MBC strengthened specimen, K60s3M2G2 shows tendencies towards
some increase in stiffness compared to K60s2 and at the ultimate failure load have more
ductile behaviour.

Two specimens with an internal stirrup distance of 250 mm were flexural strengthened
with the use of NSMR, K60s2r and K60s2M2G2r. An increase of stiffness compared
specimens without NSMR can be noted in Figure 6.43. The failure mode is the same
as with compression of the concrete. Failure was sudden and more explosive compared
to the specimens without NSMR. The influence of the NSMR is shown in coming
sections of the thesis.
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Figure 7.26. Load and midpoint deflection for all K60 specimens. 
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Strain gauge monitoring 
Strain gauges were applied at two internal steel stirrups for all beams utilising shear 
reinforcement. The layout of the strain gauges is similar to the K30 specimens which 
are shown in appendix B and Figure 5.17. There was however no strain measurement
in the vertical CFRP tows for this set of beams.

Compression and tensile strains are recorded in Figure 7.27 for unstrengthened and 
strengthened specimens with internal stirrups at 250 mm respectively 350 mm. For 
specimens with internal stirrup distance of 250 mm and strengthened with NSMR it is 
shown in Figure 7.27 that the strains in both the tensile and compression reinforcement
are somewhat higher for the specimen strengthened with the MBC system at the same
load step. The yielding occurs at the same shear load for the tensile reinforcement for 
both specimens with stirrup distance of 250 mm. For the specimens with stirrup 
distance of 350 mm without NSMR the strain development is fairly the same with and
without the MBC strengthening system. The strains are abrupt cut off at the failure
load for the specimen without the MBC system. Note that the failure mode for the 
specimens with and without the MBC strengthening system is not the same. The
failure mode for specimen without the MBC system was shear failure and for the 
specimen with the MBC system the failure mode was concrete crushing in the 
compression zone.
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Figure 7.27. Strain in both bottom tensile steel reinforcement and top compression 
reinforcement for to the left, K60s2r and K60s2M2G2r and to the right, K60s3 and
K60s3M2G2.

Comparing the strains in the stirrups for NSMR strengthened beams with a stirrup
distance of 250 mm there are small differences in the strains monitored at a distance 
250 mm from the point load. Note that the parabolic shape of the strain distribution in 
the stirrup at 250 mm from the point load for the K60s2r beam specimen is disturbed at
the mid height of the beam. The strain gauge at this point could be regarded as
malfunctioning. However, the measured strains in the stirrup at 500 mm from the load 
point are lower for the beam specimen with the MBC strengthening system at similar
load steps compared to the specimen without the use of MBC. Generally, the strains
seems to be higher in the stirrup located in approximately the midsection of the shear
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span for specimens without the MBC system, both for internal stirrup distance of 250 
and 350 mm see Figure 7.28 to Figure 7.31. 
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Figure 7.28. Monitored strains by the use of SGs in the stirrups located at 250 mm from the
point load origin. To the left, specimen K60s2r and to the right, specimen K60s2M2G2r.

0 2000 4000 6000
Strain [ m/m]

0

100

200

300

400

500

H
ei

gh
t o

f b
ea

m
[m

m
]

100 kN
200 kN
300 kN
350 kN

0 2000 4000 6000
Strain [ m/m]

0

100

200

300

400

500

H
ei

gh
t o

f b
ea

m
[m

m
]

100 kN
200 kN
300 kN
350 kN

Figure 7.29. Monitored strains by the use of SGs in the stirrups located at 500 mm from the
point load origin. To the left, specimen K60s2r and to the right, specimen K60s2M2G2r.

For beam specimens with an internal stirrup distance of 350 mm the similar strain 
behaviour is noted as for the previous described strain monitoring. Strains in stirrups
located at 350 mm and 700 mm from the point load origin are recorded in Figure 7.30 
and Figure 7.31. Monitored strains in the stirrups for the unstrengthened beam 
specimen K60s3 indicate that the shape of the parabolic strain distribution for stirrups
located near the load point origin are concentrated to the upper side of the height of
the beam. While for the strain distribution for stirrups located at 700 mm from the load
point origin are concentrated to the lower side of the beam. This behaviour can be 
related to the shear crack formation, see Figure 7.32. At ultimate failure, the stirrup
located at 700 mm from the load point origin had ruptured in the lower part of the 
beam, see Figure 6.54 B. Monitored strains in this stirrup confirm that there are
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considerable strain concentrations beyond the yield strain of the steel stirrup, see Figure
7.31.
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Figure 7.30. 350 mm K60s3 and 350 K60s3M2G2
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Figure 7.31. 700 mm K60s3 and 700 mm K60s3M2G2r
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Figure 7.32. Shear crack at ultimate failure for specimen K60s3. White dots indicates the
idealised location of strain gauges. 

Photometric strain monitoring
The photometric monitored principal strains for beam specimen with and without the
MBC strengthening system is recorded in Figure 7.33 and Figure 7.34 for beams with
internal stirrup distance of 350 respectively 250 mm. Here it is also noticed that the 
strains are reduced by the use of the MBC strengthening system. If all of the major
principal strains are regarded as crack growth or potential crack formations, it is shown
that the use of the MBC system can reduce the number of “cracks” at high load. This 
is best shown for the load step of 250 kN in Figure 7.33. However, for the specimens
with internal stirrup distance of 250 mm this tendency is contradictory. In Figure 7.34
the specimen without the MBC system has two major principal strain fields indicating
shear crack formations while the specimen with the MBC strengthening system has 
four smaller principal strain fields indicating on smaller crack formations but a larger
number of “cracks”.
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Figure 7.33. Photometric strain measurements. Principal strains A) K60s3 at 100 kN, B) 
K60s3M2G2 at 100 kN, C) K60s3 at 200 kN, D)K60s3M2G2 at 200 kN. E) K60s3
at 250 kN and F) K60s3M2G2 at 250 kN.
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Figure 7.34. Photometric strain measurements. Principal strains A) K60s2r at 100 kN, B) 
K60s2M2G2r at 100 kN, C) K60s2r at 200 kN, D)K60s2M2G2r at 200 kN. E)
K60s2r at 300 kN and F) K60s2M2G2r at 300 kN.
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7.3.3 Effects of NSMR strengthening

Strains monitored in both compressive and tensile steel reinforcement at the midpoint
of beam specimens with concrete quality K60 and an internal stirrup distance of 250
mm are recorded in Figure 7.35, with and without NSMR strengthening. The strains
in the tensile reinforcement between NSMR strengthened specimen, K60s2r, and
K60s2 it is clear that the NSMR strengthening reduces the strains in the tensile
reinforcement at the same load. Regarding the compressive strength, the same levels of 
strains are measured but the NSMR strengthened specimen reaches higher loads at the
same strain level. Figure 7.36 shows the strains in the tensile steel reinforcement and
NSMR bar for specimen K60s2r compared to the strains in the tensile reinforcement
for the unstrengthened specimen K60s2. The strains at the different load step in the
NSMR bar are similar to the strain monitored in the tensile reinforcement for the
unstrengthened specimen K60s2 up to the yield load of the steel reinforcement for 
specimen K60s2. Note that the position between the strain gauges applied on the 
NSMR bar and the tensile reinforcement is approximately 30 mm of the height of the 
beam. From Figure 7.35 and Figure 7.36 it is clear that the yield load for the tensile
reinforcement is higher than for an unstrengthened specimen.
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Figure 7.35. Strains in compression reinforcement (negative) and tensile reinforcement
(positive) for specimen K60s2 with and without NSMR. 
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Figure 7.36. Strains in tensile steel reinforcement for K60s2 and tensile strain in both steel
rebar and NSMR bar for K60s2r.

Strains monitored in the stirrups for specimens with an internal stirrup distance of
250 mm and a concrete quality corresponding to K60 are recorded in Figure 7.37 and 
Figure 7.38. Note that the lowest strain gauge for specimen K60s2 applied at the 
stirrup located 250 mm from the point load origin is out of order, thereof the disrupted 
shape in the monitored strains. Further, as mentioned earlier the strain gauge applied at
the middle of the height of the beam for specimen K60s2r (s=250 mm) is 
malfunctioning after the load step 200 kN. No significant influence of the NSMR
strengthening can be noticed by comparing the strains in stirrups located at both
250 and 500 mm from the load point origin for specimens with and without NSMR 
strengthening. Both strain levels and the shape of the strain distribution along the
stirrups are in the same range. 
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Figure 7.37. Strains monitored in the stirrups at a distance of 250 mm from the load point
origin for specimen K60s2 (to the left) and K60s2r (to the right). 
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Figure 7.38. Strains monitored in stirrup located 500 mm from the load point origin for
specimen K60s2 (to the left) and K60s2r (to the right). 

Influence on the neutral axis by NSMR strengthening
Figure 7.39 shows the strain measurements from the strain gauges located at the
compression reinforcement, tension reinforcement and at the NSMR. These readings
are recorded for different load steps prior to yielding of the steel reinforcement. The 
strains are measured for three different beam specimens, namely K60s2, K60s2r and 
K60s2M2G2r. These specimens represent an unstrengthened beam, NSMR 
strengthened beam and a beam strengthened with both the NSMR and MBC systems.
The strains are plotted against the normalized height of the beam, where 0 mm
denoted the centre of the height of the beam.

For the unstrengthened beam specimen it is shown that the neutral axis is located
approximately 75 mm above the centre of the beam for load steps at 100 kN and 200 
kN. This implies that the compressive zone is 175 mm. For the beam strengthened
with two NSMR bars the neutral axis is located at a distance of approximately 10 mm
for the load step of 100 kN, 35 mm for load step 200 kN and 300 kN. The concrete
compression zone has therefore increased when using the NSMR strengthening
system. The MBC strengthening system have no significant influence on the on the
strain behaviour compared to a specimen without, see Figure 7.39 A and Figure 7.39
B. Strains in the tensile reinforcement is lower for a specimen strengthened using the
NSMR system compared to unstrengthened specimen at the same load steps. The 
strains in the compression reinforcement are on the other hand not significantly
influenced by the use of the NSMR system. 
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Figure 7.39. Strain gauge readings in compression, tensile reinforcement and NSMR bar for 
A) K60s2, B) K60s2r and C) K60s2M2G2r.
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7.3.4 Strain distribution along shear cracks

Photometric strain monitoring was used in order to investigate the shape of the strain
distribution along an inclined shear crack. Figure 7.40 shows the principal strains for 
two beam specimens with the MBC strengthening, namely K60s2M2G2r and
K30s2M2G2r. The vertical strains along the major inclined crack, marked with a black
line in Figure 7.40, are recorded in Figure 7.41. Note that the photometric strains are
measured on the surface of the bonding agent and as mentioned earlier, the strain
readings are somewhat unreliable for large crack openings. However, if the strains are
considered representative for the overall strain behaviour along the inclined crack, this 
distribution of strains would also be valid for the CFRP grid. Vertical strains along the
major shear crack have a fairly parabolic shape for both beam specimens which is in
good agreement with the theory proposed in chapter 2 and 3. 

Taking the maximum strain divided by the average strain along the inclined crack
would give the proposed strain reduction factor,  in chapter 3 eq. 3.14. If this is done 
for the vertical strain distribution for both beam specimens. Then the experimental
strain reduction factor will become = 0,48 for K30s2M2G2r and = 0,39 for
K30s2M2G2r at a load step of 300 kN. 

A B

Figure 7.40. Principal strains from the photometric strain monitoring. A) K60s2M2G2r at a 
load step of 200 kN and B) K30s2M2G2r at a load step of 200 kN.
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Figure 7.41. Photometric monitored vertical strains along an inclined crack. A) 
K60s2M2G2r and B) K30s2M2G2r.
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7.3.5 Evaluation of design proposal for the MBC system 

A straight forward approach on validating the theory proposed in chapter 3 for 
calculating the shear bearing capacity for the MBC strengthening system is to compare
to the experimental results. Using the experimentally obtained values for the material
properties used in the MBC strengthening system and then applying eq. 3.15 and 3.16
in chapter 3 will give an estimate of how the analytical approach is performing. The 
super positioning principle is used to calculate the shear contributions of the different 
utilized materials, eq. 3.1,.

MBAFRPSCTOTAL VVVVV 7.4

However, in this case it is only interesting to evaluate at the shear force contribution of
the MBC system. Therefore are the experimentally obtained shear failure load is taken
as the ultimate failure load of the MBC strengthened beam subtracted by the failure
load of the reference beam without strengthening. The shear force contribution for the 
CFRP grid is taken according to. 

ver

ververultver
FRP s

zAE
V

3

cot4 ,
7.5

And the contribution for the mineral based bonding agent according to. 

tMBAeftotMBAMBA fhtV ,,3

1
7.6

All of the experimental values are shown in Table 7.8. Note that the effective height z
or hef has not been evaluated in this thesis but it is set to the height of the beam. This
assumption is based on that the entire height of the beam was side bonded and that no
debonding was observed for these specimens. Figure 7.42 shows the predicted and
experimental shear bearing capacity for the MBC strengthening system. The proposed
analytical equations on how to calculate the shear bearing capacity seems to predict the
ultimate experimental shear well. However, more research is needed to investigate the
influences of the effective height and the behaviour of the bonding agent.

Table 7.8. Experimentally obtained values for evaluated beam specimens 

ver,ult Ever Aver z=hef sver tMBA,tot fMBA,t

K40s0-M2-G2a 11.4 389 0.9184 500 36 43 40 2.4

K40s0-M2-G2b 11.4 389 0.9184 500 32 43 40 2.4

K40s0-M2-G1* 13.9 366 0.2395 500 34 25 40 2.4

K40s0-M2-G2* 11.4 389 0.9184 500 34 43 40 2.4

K40s0-M2-G3* 8.3 423 1.071 500 31 72 40 2.4
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Figure 7.42. Predicted and experimental ultimate shear load for experimentally obtain
material properties and geometry. 

Table 7.9. Predicted and experimental ultimate shear load.

VMBC Vexp

K40s0-M2-G2a 102.9 121.4

K40s0-M2-G2b 117.1 118.4

K40s0-M2-G1* 64.4 81.4

K40s0-M2-G2* 109.6 125.2

K40s0-M2-G3* 73.9 79.7
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8 Probabilistic evaluation

8.1 General

The design proposal for the MBC strengthening system has been subjected to a 
probabilistic evaluation based on the experimental program and results for shear
strengthened beams, see chapter 5 and 6. This chapter will describe the underlying 
parameters, distributions and assumptions to the probabilistic approach on determining
the influences of the different material, geometry and loading parameters. There are
some limitations in this probabilistic evaluation. The beam geometry and material
properties are limited to the use of experimentally obtained values and distributions, see 
chapter 6, 7 and appendix A. The beam specimens evaluated are the ones
corresponding to the concrete quality K40 without steel reinforcement, see chapter 5. 
When statistical data for some of the variables in this analysis are missing, then
assumptions are made and motivated. The load effect in this study is given a 
distribution and the probability of failure for the non-strengthened reference beam is
determined to correspond to an annual failure of 10-4 (safety class 1, see chapter 4).

8.1.1 Shear Resistance, R 

How to calculate the shear resistance of concrete beams strengthened with the MBC 
system is described in chapter 2 and in the theory discussed in chapter 3. It must
however be stressed that the theory in chapter 2 and 3 only describes the contributions
to the shear resistance. In an actual situation other failure modes may be present, e.g.
yielding of the tensile reinforcement, compression failure, anchoring failures 
(debonding) etc. This is not dealt with in this basic probabilistic approach and the
failure is considered to be purely shear failure. Thus, the considered beam is the one 
without steel reinforcement. Further, there are some issues regarding the design model, 
in chapter 2, for calculating the shear resistance of a concrete beam with no steel shear
reinforcement. These issues originated in the underlying empirical nature of the design 
proposal. If a model is based on experimental results there is a model insecurity
depending on the situation from which it is derived. The proposed model in chapter 2 
for the shear resistance of a concrete beam is such a model. The model insecurity is not 
dealt with in this section, but it is noted as an erroneous factor.

8.1.2 Load effect, S 

In this evaluation beam specimens with rectangular cross section subjected to four point
beam bending are evaluated. This means that there are two shear spans, from the
supports to the line load and with constant shear loading. Thus, the shear force will be
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equal to half of the total load, see also chapter 5. However, in this analysis only the
maximum shear force in the beam will be evaluated. This implies that the resistant 
force is the maximum shear force and not the total load.

PS 8.1

where P is the shear force in one shear span

The key issue when designing the load effect for this probability study is how to
assume a realistic distribution of the load. The failure probability for the non-
strengthened beam specimen is set to 10-4 at the same time as the coefficient of variance
is 0.15. An extreme load effect, could be based on the Gumbel (Type 1) distribution or
the inverted Weibull distribution. Since these have proven to represent the yearly
maximum of an extreme load effect, Simiu et al. (2001). The Gumbel distribution was 
chosen for this analysis.

8.2 Limit state 

The denotation of the stochastic variables for the resistance parameters are written on
the form, e.g.  for the concrete tensile strength. The stochastic load effect is

denoted, . The assumptions regarding the stochastic variables are motivated in the 
next section. If all of the stochastic variables are put into the limit state, see chapter 4, 
the expression will be. 
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Considering the limit state for the reference concrete beam without the MBC
strengthening system th e limit state will be expressed as.

Pfdd XXXXbSRG
ct

16006.0 8.3

8.2.1 Stochastic and deterministic variables 

In the following section all of the parameters and their distributions used in the limit
state, which is described in the next section, are commented.The geometrical values of
b, z and hef is set to be deterministic, the motivation for this is that no statistical
information about these variables were gathered and therefore they are set to be 
deterministic.The effective height of the beam, d, is chosen as the distance from the
upper part of the beam to the centre of gravity for the tensile steel reinforcement. This
is assumed to be normal distributed with a coefficient of variance (COV) of 0.05. The 
effective height of the beam was not measured for the current experimental program
but the assumed distribution and COV are motivated based on statistical data from 
(Enochsson et al. 2002). The reason for not setting the effective height, d, as
deterministic is that this parameter is known to have significance to the shear
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performance of concrete, Betonghandboken (1997). The analytical theory for the shear 
contribution of the MBC system is new and the knowledge and significance of these
parameter are limited, therefore deterministic values are chosen.

The concrete tensile strength, fct, and the tensile strength of the mineral based bonding 
agent, fMBA,t, are assumed to have a lognormal distribution. The mean value and
standard deviation were obtained by material tests, see appendix A.The mechanical
properties of the CFRP grid are obtained by experimental results, see appendix A. All 
these parameters are assumed to be normal distributed. Note that mean value for the 
fibre area is not based on experimental test carried out at LTU but are provided by the
manufacturer.The shear crack angle is assumed to be normal distributed and the
values are based on the results from the experimental study, see chapter 6 and 7.All of 
the stochastic resistance variables are summarized in Table 8.1. 
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Table 8.1. Summarise of stochastic variables for the shear resistance used in the probabilistic
approach.

Variable Description COV Distribution Unit

b width of beam 180 - - Deterministic mm

d effective height 420 20 0.05 Normal mm

fct concrete tensile 
strength

2.7 0.2 0.07 LogNormal MPa

ver strain in vertical tows

Grid S 14.0 1.7 0.12 Normal ‰

Grid M 11.1 2.1 0.19 Normal ‰

Grid L 8.3 0.9 0.11 Normal ‰

Ever E-modulus in 
vertical tows 

Grid S 366 5 0.01 Normal GPa

Grid M 389 36 0.09 Normal GPa

Grid L 423 27 0.06 Normal GPa

Aver fibre area in vertical
tows

Grid S 0.2395 0.0020 0.01 Normal mm2

Grid M 0.9184 0.0190 0.02 Normal mm2

Grid L 1.0710 0.0320 0.03 Normal mm2

sver vertical tow distance mm

Grid S 25 1 0.04 Normal

Grid M 43 2 0.05 Normal

Grid L 72 4 0.06 Normal

z = hef effective height of
MBC

500 -
-

Deterministic
mm

shear crack angle 33.2 2.2 0.07 Normal °

tMBA,tot total thickness of 
bonding agent 

40 3
0.08

Normal Mm

fMBA,t tenisle strength of
bonding agent 

2.4 0.6 0.25 LogNormal MPa

Deterministic strength 

Before further probabilistic calculations are being carried out using stochastic variables, 
a deterministic approach will be done to calculate the shear resistance using the mean
values in Table 8.1. The shear resistance of a concrete beam, with and without the
MBC strengthening system using different grid geometries, is recorded in Table 8.2 

206



Probabilistic evaluation 

using deterministic mean values for the resistance parameters. The experimentally
obtained shear resistances of the beam specimens carried out at DTU are also shown in 
Table 8.2. Here it is shown that using the average value of all beam specimens
corresponding to concrete quality K40 overestimates the shear resistance of the
experimentally tested beam.

Table 8.2. Deterministic shear resistance and experimentally obtained shear resistance.

MBC strengthening CFRP grid VTOT [

kN]

VExperimetnalA

[kN]

Concrete - 144,5 126,7

Concrete + MBC Grid S 210,1 208,1

Concrete + MBC Grid M 253,8 251,9

Concrete + MBC Grid L 213,3 206,4

A The experimental values are taken from the test performed at DTU, see chapter 6.

8.3 Calculations

As mentioned earlier computer software was used to calculate failure probabilistic. VaP 
2.2 (2000) is an interpreter and just in time compiler for formulations of specifics in risk 
and reliability theory. The user can input stochastic quantities, variables, in a given 
mathematical expression. In view of one of the applications of the program, this
expression is called a limit state function. The ability to write user defined functions 
and modules enables VaP to solve complicated problems. Instead of using cotangent
formulas, Taylor expansion to describe the cotangent formula, see eq. 8.4. Note that in 
following expressions all of the terms with contributions smaller than 10-4 are 
neglected, all angles are in radians.

453

1
cot

3

8.4

By substituting the trigonometric expressions with the inverse trigonometric functions
above, in the limit state, the expression becomes extensive and not suitable for
analytical solutions. Here a computer aided program is very helpful. In this thesis
following calculations for the limit state will be presented, see chapter 4 for the
theoretical background. 

FORM - Replaces the limit state surface with a first order approximation

Monte Carlo Simulation – Randomization of the stochastic variables and tests
of failure

The actual expression for the limit state with inverse trigonometric functions for the
shear strengthened beams is shown in eq. 8.5. 
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8.5

8.3.1 FORM analysis 

Introduction

In order to provide a better understanding on the performed analysis in VaP 2.2 (2000), 
a simplified example of the steps in the FORM analysis to obtain the safety index ( )
and sensitivity factors ( ) are recorded for the limit state of the non-strengthened beam. 
Note that for simplicity only two variables are considered to be stochastic in this
example. The variables considered to be stochastic are the concrete tensile strength and
the load effect. Further the distributions of these variables are considered to be normal
distributed. In the analysis in VaP these variables are considered to have lognormal (fct)
and Gumbel (P) distributions. The first step is done by normalising all of the primary
variables, resulting in variables with the mean value that is equal to zero and with a
standard deviation equalled to one. 

ctctctct

ct

ctct

ct ffff
f

ff
f mZX

mX
Z 8.6

The same procedure is done for the load effect and inserting these normalized variables
into the limit state, eq. 8.3, the failure function becomes.

PPPfff mZmZddbg
ctctct

3106.16.0 8.7

Then the equation along the failure surface becomes, Pfct
g , , introducing

safety index and sensitivity factors, see chapter 4. 

PPPfff mmddbg
ctctct

3106.16.0 8.8

In the failure point the following is fulfilled 

0,* Pfct
g 8.9

The safety index  can now be solved, knowing that the sum of i
2 is equal to 1.

When using more complex functions in the limit state which will result in products of 
the primary variables. It is practical to use an iterative method of finding the sensitivity
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factors and safety index, since an analytical approach would be very hard to solve. One 
way of iterative solving the equation is to use the Newton-Raphson method.

d
dg
gii 1

8.10

The iterative approach start with assigning the sensitivity factors with a value and then 
repeating the iteration procedure until the limit state reaches zero (g( )=0). Here 
VaP 2.2 will be used for solving of the equation. The results from the FORM analysis
in VaP (2000) for a non-strengthened beam and beams strengthened using the MBC 
system with three different grids are discussed at the end of this section.

Non-strengthened concrete beam

The load effect was chosen to have a mean value of 68.2 kN and a standard deviation
of 10.2 kN, thus having a COV of 0,15. This load effect corresponds to an annual
failure probability of 10-4 for the non-strengthened reference beam. In this analysis
failure probability, safety index ( ), sensitivity factors and failure points (X*) are shown.

The results from the FORM analysis of the limit state with stochastic variables for the 
non-strengthened concrete beam are recorded in Table 8.3. Here, as mentioned
before, has the load effect been calibrated to correspond to a failure probability of 10-4

and a safety index of 4.75. The sensitivity factors from the FORM analysis indicate
how the limit state is influenced by the variation of the primary variables. Small values
for the sensitivity factors indicate on less significance of the variation. The resistance
variable with the most significant variance is the concrete tensile strength. The failure
points for the variables are all lower than the stated mean value, which is connected to
the sensitivity factor, see chapter 4. The reason for the lower values of the failure points
is of course related to the reasonably low chosen probability of failure.

Table 8.3. Failure points and sensitivity factors. 

Variable X*

Xd [mm] 410.2 -0.13

Xfct [MPa] 2.40 -0.30

XP [kN] 130.6 0.9436

Strengthened concrete beams 

The same load effect was used in this probabilistic calculation. The probability of failure
was 2.93·10-7 with a corresponding safety index of 5.00 for the beam strengthened with
the MBC system using grid S. The safety index was 5.56 with a corresponding
probability of failure of 1.33·10-8 for strengthening with the use of grid M. The
probability of failure for a beam strengthened using grid L was 9.64·10-7 with the
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corresponding safety index 4.76. The sensitivity factors and failure points with the use 
of all three different grids are recorded in Table 8.4. The variables with the most 
significant variation are the ultimate strain in the vertical tow for CFRP grid M and the 
fibre area in the vertical tows of grid L. From Table 8.4 it is shown that the variance of
the fibre area and modulus of elasticity for grid S are insignificant, low values for the 
sensitivity factor.

Table 8.4. Failure points and sensitivity factors. 

MBC using grid S MBC using grid M MBC using grid L

Variable X* X* X*

Xd [mm] 410.0 -0.10 409.9 -0.09 410.1 -0.10

Xfct [MPa] 2.47 -0.23 2.47 -0.21 2.47 -0.24

X ver [‰] 12.81 -0.14 7.10 -0.34 8.02 -0.07

XEver [GPa] 365 -0.01 366 -0.11 418 -0.04

XAver [mm2] 0.2394 -0.01 0.9159 -0.02 0.5071 -0.3701

Xsver 25.2 0.04 43.6 0.05 72.6 0.03

X  [°] 34.2 0.09 34.4 0.09 33.7 0.05

XP [kN] 173.9 0.95 183.4 0.90 153.7 0.89

Deterministic value for the shear load 

Another approach is to consider the load effect as deterministic with a value
corresponding to the experimental load. The probability of failure (pf), failure points 
and sensitivity factors are recorded in Table 8.5 using the experimental failure load as
the value for the deterministic load effect. From Table 8.5 it is evident that the beam
strengthened with the use of grid S has the highest probability of failing at the
experimental load. All of the failure points for the resistance variables for the CFRP
grid are higher than the given mean values. This will result in a higher significance of
the variation of the variables. Note that this is not case for the modulus of elasticity and
fibre area for grid S, where the variance of these variables has less significance.
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Table 8.5. Probability of failure, failure points and sensitivity factors for deterministic load 
effect.

MBC using grid S

(pf=0.84)

MBC using grid M

(pf=0.71)

MBC using grid L

(pf=0.66)

Variable X* X* X*

Xd [mm] 426.1 -0.31 421.9 -0.17 421.7 -0.20

Xfct [MPa] 2.85 -0.77 2.74 -0.42 2.73 -0.49

X ver [‰] 14.71 -0.43 11.91 -0.71 8.41 -0.29

XEver [GPa] 366 -0.05 396 -0.37 424 -0.17

XAver [mm2] 0.2396 -0.03 0.9193 -0.08 1.1680 -0.73

Xsver 24.85 0.15 42.79 0.19 71.75 0.14

X  [°] 32.5 0.31 32.8 0.34 33.0 0.22

8.3.2 Monte Carlo simulation 

Monte Carlo simulation can be used in any case for validation of results from 
approximation methods, e.g. FORM. When performing a Monte Carlo simulation in
VaP there is two possible analyses, Crude Monte Carlo (CMC) and Importance Monte
Carlo (IMC). If the probability of failure is small, less than 10-5, the CMC simulation
will not give reliable results for the failure probability. If low probabilities of failure are
expected the IMC simulation can be used. The IMC simulations focus on regions 
where the failure can be expected or where the highest contribution of the probability
integral can be obtained. Table 8.6 shows the probability of failure generated by
FORM analysis, CMC and IMC simulations for the evaluated beams. Using CMC
simulation, for the non strengthened beam, generates a failure probability that is twice
as high as the one generated by the FORM analysis. The IMC simulation generates a
failure probability of that is a bit lower than the one obtained in the FORM analysis.
The probability of failure obtained by IMC simulation and FORM analysis are in the
same region, for the strengthened beams. The distribution of the limit state is shown in 
Figure 8.1 obtained by the CMC simulations, the mean value and standard deviations
obtained from the CMC simulation is shown in Table 8.7. Here it is evident to see the
benefits of the MBC strengthening. The point of gravity for the limit state of the
strengthened beams is situated at much higher loads than the non-strengthened beam.
The best performing MBC strengthening system is the one that uses grid M. Note, that 
the distributions of the limit state for grid M and L has higher variance than the limit 
state for grid S.
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Table 8.6. Probability of failure for FORM, CMC and IMC.

Probability of failure

Limit state FORM CMC IMC

Non-strengthened beam 10-4 2.4·10-4 0.7·10-4

Strengthened beam using grid S 2.9·10-7 - 2.5·10-7

Strengthened beam using grid M 1.3·10-8 - 0.9·10-8

Strengthened beam using grid L 9.6·10-7 - 6.7·10-7

Table 8.7. Mean value and standard deviation for the limit state obtained from CMC
simulation.

Distribution [kN] 

Limit state m s COV

Non-strengthened beam 76.2 15.3 0.20

Strengthened beam using grid S 126.0 18.8 0.15

Strengthened beam using grid M 170.0 32.9 0.19

Strengthened beam using grid L 130.0 34.2 0.26

A B

C D

Figure 8.1. Probability frequency for the limit state, the x-axis are in kN. A) non-
strengthened beam, B) strengthened beam using grid S, C) strengthened beam using grid M 
and D) strengthened beam using grid L. 
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8.4 Concluding remarks 

By strengthening the concrete beam with the use of the MBC strengthening system the
probability of failure will decrease from 10-4 to a failure probability of 10-6 to 10-8. This
corresponds to an increase in safety from safety class 1 to safety class 3. Strengthening
with the use of grid M gives the lowest probability of failure followed by grid S and
then grid L. The limit state for a strengthened concrete beam using Grid S has on the
other hand lower variance. This is of course dependent on the distributions of the
variables for grid S. The distribution for the limit state using grid M and L is greatly
dependent on the variance for the ultimate strain (grid M) and the fibre area (grid L). 
This is statement is supported by their sensitivity factors. Common for all strengthened 
beam are that the variation of the concrete tensile strength is significant and that the
variance of the distance between the vertical tows for all grids have little importance. 

When using a deterministic load effect, with a value corresponding to the actual
experimental ultimate failure load is clear that the probability of failure for that exact
load stage was not 100%. A Strengthened beam using grid S has the highest probability 
of failure at exactly the same load as the experimental ultimate load. This is strongly
connected to the distribution of the limit state. The variation is smaller for a beam
strengthened with the use of grid S, therefore the above mentioned probability of 
failure will become higher. Using the information from the probabilistic evaluation can
generate safety factors for the use in design guidelines for this particular set-up, see 
chapter 4. However, this is not dealt with in this thesis due to the insufficient statistical
data and that the theory is not fully developed. Note that the low probability of failure
when comparing the probabilistic limit state to the experimental can also originate in
the model insecurity, see chapter 8.1.1. 
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Discussion and Conclusion

9 Discussion and Conclusions 

9.1 Discussion

It has been proven in this thesis that MBC systems can strengthen concrete beams. In 
comparison between epoxy bonded CFRP sheets aligned vertically MBC
strengthening reach comparable shear resistance.

Strengthening concrete structures with the presented MBC system can be very 
favourable and effective. Favourable in comparison to existing externally strengthening
systems such as epoxy bonded CFRP. MBC systems are considered environmental
friendly and have a high compatibility with the base concrete. Furthermore it can be
applied on moist surfaces and is diffusion open. Another favourable characteristic
feature of the MBC system is the appearance of visible cracks. It would be easier to 
make health monitoring on such a structure compared to the epoxy based 
strengthening system where the cracks are hidden under FRP and epoxy.

In the tests, MBC strengthened system has been developed. However, in this particular
research only small variation in material or geometrical properties has been investigated.
It is possible that more optimal systems can be developed with other configurations.

The research so far must still be considered to be on a basic level with many issues to
be solved, see for example chapter 10. Despite this, the basic analytical approach
presented in this thesis gives a fair comparison with the results from the tests. However,
it is only the shear load carrying capacity that has been studied and more detailed
studies are needed on bond, both between the CFRP and the cementitious material
and in the contact interface between the MBC and the base concrete.

9.2 Conclusion

The following conclusions can be drawn from the presented research in this thesis:

The influence of different designs of the grid; The use of a CFRP grid with smaller tow
distance generate a higher load for the appearance of the first inclined crack. The 
ultimate shear failure load will increase if the fibre amount in the CFRP grid is
increased. Using a mineral based bonding agent (mortar) with low modulus of elasticity
leads to premature cracking in the MBC strengthening system.

Load and deflection; Beams with concrete quality corresponding to K60 tends to have
higher ultimate failure load. The failure of the steel reinforced beams with MBC, 
without NSMR, tends to have a more ductile failure than the beams without the MBC

215



system. Although both ultimate failure modes were similar, yielding of the tensile steel 
reinforcement and crushing of the concrete compression zone.

Strain gauges; The readings from strain gauges applied on vertical stirrups show
tendencies towards a parabolic shape of the strain distribution along the stirrups The
strains in the stirrups for a certain load decrease with the use of MBC compared to the
strains in a beam specimen without the MBC system. From the strain gauges on the
stirrups, it is shown that the strains are generally higher in the stirrup located at 2s=500
mm compared to the one at s=250 mm. For vertical CFRP tows – The strains do not
clearly show a parabolic shape of the strain distribution along vertical CFRP tows. The 
tendency for these strain gauges is locally high strains located near crack formations.

Photometric strain monitoring; It is clear from the study of the principal strain that the 
strains are reduced for low load steps. This is an advantage for design in service limit 
state. It is also noted that the MBC system reduces horizontal strains at low load steps.
At higher loads the MBC system still reduces the principal tensile strain. There are no 
significant differences at low load steps when using a thinner layer of bonding agent
compared to using a thicker layer. For higher load it seems like the use of a thinner
bonding agent generates higher principal strains in the vicinity of inclined cracks. The 
strains measured on the surface of the mortar are in the same regions as the strains
measured by the strain gauges.

NSMR; Using this type of flexural strengthening is an excellent way to increase the 
stiffness of the beam. From the strain gauges mounted on both NSMR and longitudinal
steel reinforcement it is clear that the use of NSMR prolongs crushing of the concrete
compression zone. The outcome is twofold, when the yielding of the steel
reinforcement initiates the NSMR are still behaving linear elastic. It is also shown that
the neutral axis of the concrete beam is lowered and thus increasing the compression
zone for certain load step. It is found in the experiments that strengthening with
NSMR yields a more brittle failure than the ones without. Although, the ultimate
failure was crushing of the compression zone.

Analytical approach; The proposed analytical model to estimate the shear resistance gives
reasonable correlation to experimental values. The model is fairly transparent but the
importance of effective height and different geometries (other than rectangular cross 
sections) needs to be further studied.

Probabilistic approach; This approach was limited to only evaluating the shear failure load
for MBC strengthened beam with rectangular cross section. The safety class is increased
by the use of MBC strengthening, the most significant variables are, depending on their
stochastic distribution, concrete tensile strength and ultimate strain of CFRP. It was
also shown that the probability of failure for a deterministic value of the experimental
load was lower than 100%. It should also be mentioned that there are some
uncertainties in the probabilistic approach and this regards the use of the model for
estimating the shear resistance of the concrete. This model is based on empirical data
and therefore has a higher model uncertainty. Further, the use of the proposed
analytical model is also a source of uncertainty, due to that this model is still new and
not fully developed. 
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Suggestions on future research 

10 Suggestions on future research

The research carried out so far has been very promising and even though many
questions and problems that were posed in the beginning of this work have been better
understood, there are still questions that need to be answered. In addition to this, new 
questions and problems have come up during the work with the thesis that hopefully
can be dealt with in future research. Future research can be divided into three
interconnected branches; first research on material level, second on component level and
third on structural level. This thesis has mainly covered research in the component level.

Material level: In particular interesting would be to investigate the fundamental
behaviour of the interaction between the CFRP grid and the cement grout, where slip 
and internal debonding are studied. An additional very important research question for 
the future must be to study the cement grout more in detail, for example are the
cementitious material used optimal for its application or is it possible to develop systems
that are even more efficient. Due to the low bond between the FRP and cement grout
it would be interesting to study of the bond could be enhanced on a nano scale. It
would also be very interesting to study the interaction between the grid and the
cementitious material with FE-analysis; here material testing will be needed for input to
the FE-models.

Component level: Component level refers here to testing of structures, e.g. beams, slabs, 
columns etc. The research on component level does also cover a theoretical
understanding of the structural behaviour. It would therefore be interesting to carry out 
additional tests on beams with T-sections. Here there will be a challenge to anchor the
CFRP in the flange.

Tests need also to be carried out as input to FE-models for simulation of debonding.
The anchorage issue has only very briefly been discussed in this thesis. Nevertheless, it
is an important issue to understand and to develop models for anchorage. More
research needs to be carried out regarding bond between the MBC and the base
structural component. In particular, understanding debonding at shear cracks is very
challenging.

It would also be interesting to investigate the possibilities to strengthen columns by
wrapping the MBC system around the column and in such a way obtain a confinement
effect. Research questions regarding confinement would here probably be overlapping
lengths and effectiveness of the confinement.

In addition to the above advanced analytical and numerical tools to further develop the 
design for MBC strengthened structures are needed. 
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A very important issue if the systems should be applied in the field is to investigate the 
long time behaviour and long term effects. Here shrinkage and creep may be factors
that can affect the strengthening. The early age of the MBC system is also a critical
stage due to the probable edge lifting imposed by shrinkage if insufficient care has been 
taken to the preparation of the base concrete.

Structural level: Structural level here refers to field applications and industrial
implementation. Research in civil engineering can to a large extent be considered to be 
applied science. An aim should be to apply the research findings for use in the 
construction industry. Here development of the strengthening system is often carried
out by material suppliers, contractors or testing institutes. Important questions to be
solved may be method of application, function on large civil structures, and function
over time in various environments. Full scale, in-situ tests in this regard would be step
closer to get a better understanding of problems that may occur outside laboratory
environments.

One must note that the studied research area is relatively new and that several more
questions that need to be solved within this area – in particular since this research is 
considered new and innovative. 
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Appendix A 

A Appendix - Material properties

A.1 Steel reinforcement for LTU specimens

Table A.1. Steel reinforcement properties obtained from tensile tests,  is the mean value and
 is the standard deviation.

Steel Ks500 
Ø16

(5 specimens)

Steel Ks500 
Ø12

(5 specimens)

Yield strength, fy
[MPa]

555 2 601 21

Yield strain, y

[‰]
2.79 0.17 2.84 0.20

Ultimate strength, ult

[MPa]
706 6 697 14

Ultimate strain, ult

[‰]
159.45 49.01 108.87 3.76

Ultimate tensile force, Fult

[kN]
137 1 74 2

Modulus of elasticity, E
[GPa]

196 12 211 18
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Figure A.1. Tensile stress strain behaviour for steel reinforcement. To the left, flexural 
reinforcement Ø16 mm. To the right, shear reinforcement Ø12 mm. 
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A.2 Steel reinforcement for DTU specimens

Table A.2. Steel reinforcement properties obtained from tensile tests,  is the mean value and
 is the standard deviation.

Steel Ks500 
Ø16

(2 specimens)

Steel Ks500 
Ø12

(3 specimens)

Yield strength, fy
[MPa]

517 - 530 9

Ultimate strength, ult

[MPa]
631 4 618 2
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Figure A.2. Tensile stress strain behaviour for steel reinforcement. To the left, flexural 
reinforcement Ø16 mm. To the right, shear reinforcement Ø12 mm. 
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Appendix A 

A.3 Concrete and mortar

Table A.3. Compression strength, tensile strength and density for concrete in the shear 
strengthened beam specimens. The tensile strength was set to 80% of the splitting strength,
BBK 2004. The tests were performed on cube specimens of 150 mm. All values are obtain
from 3 specimens in each population.

Specimen Compression
strength
[MPa]

Splitting tensile 
strength
[MPa]

Tensile
strength
[MPa]

K40s0 44.8 2.9 3.6 0.2 2.9

K40s0* 36.3 3.2 - - 2.5

K40s0-M2 53.6 1.6 3.5 0.3 2.8

K40s0-M2-G2a 53.6 16 3.5 0.3 2.8

K40s0-M2-G2b 53.6 1.6 3.5 0.3 2.8

K40s0-M3-G2 53.6 1,6 3.5 0.3 2.8

K40s0-E-S90 59 - 3.5 - 2.8

K40s0-E-S0 59 - 3.5 - 2.8

K40s0-M2-G1* 32.5 1.7 - - 2.7

K40s0-M2-G2* 35.1 1.2 - - 3.0

K40s0-M2-G3* 44.8 3.2 - - 2.5

K40s0-M1-G3* 43.2 2.2 - - 2.6

K30s0 47.0 3.1 3.3 0.3 2.7

K30s3 47.6 5.1 3.9 0.7 3.1

K30s3-M2-G2 52.4 0.6 3.7 0.3 3.0

K30s2-M2-G2 51.4 0.6 3.5 0.1 2.8

K30s2-M2-G2-t2r 46.2 1.8 3.7 0.3 3.0

K60s0 63.8 0.3 4.2 0.3 3.3

K60s3 73.3 0.9 4.6 0.2 3.7

K60s2 83.5 1.1 4.2 0.7 3.4

K60s2rA 78.3 4.5 4.1 0.2 3.3

K60s3-M2-G2r 77.3 1.1 4.7 0.6 3.8

K60s2-M2-G2r 64.6 1.5 3.9 0.3 3.1

* Compression and tensile strength was obtained from cylindrical test specimens¸ height 200 mm and 
diameter 100 mm with a notch of 20 mm according to the Danish code DS 423.
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Table A.4. Compression strength, tensile strength and density for the cementitious bonding
agent, mortar 2. Tests were performed on cube specimens of 150 mm.

Specimen Compression strength
[MPa]

Splitting tensile 
strength [MPa]

Density
[t/m3]

Mortar 2 
(batch no 1) 

65.6 0.88 2.5 0.27 2.1 0.02

Mortar 2 
(batch no 2) 

53.2 1.58 3.5 0.35 2.3 0.03

Mortar 2 
(Batch 1 and 2)

59.4 6.89 3.0 0.63 2.1 0.02

A.4 Tensile test of CFRP grid 

Table A.5. Experimentally obtained mechanical properties for grid S, M and L. Note that
the fibre area is taken as the manufacturer provided. M is the mean value and s is the standard
deviation.

Experimental values
Manufacturer

values
Grid sample Tensile failure

stress
[MPa]

E-modulus

[GPa]

Failure strain 

[‰]

Cross section area

[mm2]

Length 3546 455 278 16 12.5 2.1 0.3279
S

Cross 5214 386 366 5 14.0 1.7 0.2395

Length 4219 620 404 49 10.5 3.5 0.9184
M

Cross 4620 608 389 36 11.1 2.1 0.9184

Length 3877 576 320 27 12.8 1.8 1.2684
L

Cross 3772 529 423 27 8.3 0.9 1.0710

The result from stress and strain from the tensile loading is reported in the following
sections for grid S, L and M. 
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Appendix A 

A.4.1 Grid S 

y = 354,78x - 55,685
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Figure A.3. Tensile tests on cross directional tows.
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Figure A.4. Tensile test on length directional tows. 
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A.4.2 Grid M 
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Figure A.5. Tensile test on cross directional tows. 
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Figure A.6. Tensile test on length directional tows. 
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A.4.3 Grid L 
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Figure A.7. Tensile test on cross directional tows. 
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Figure A.8. Tensile tests on length directional tows. 
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B Appendix - Experimental monitoring

B.1 General

Beams tested at Luleå University of technology (LTU) were tested with the same
equipment. For the beam specimens tested at the technical university of Denmark
(DTU) a different monitoring and loading set up was used. Specimens notated with a * 
were tested at DTU. This appendix will show the essential monitoring of all beam
individually. Regarding the experimental equipment at LTU, the servo hydraulic
testing equipment that was used is an Eling static load cylinder with a maximum load
capacity of 1000 kN with a Instron 8800 control unit. The maximum error range for 
this testing system is less then 1 %. Displacements in the tests will be measured with 
linear voltage displacement transducers (LVDT, Vishay). Thus, mid-span and support 
displacements will be measured with these transducers. Data from the testing
equipment were sampled through a HBM spider 8-30 with a frequency of 
approximately 2 Hz. For the strain gauge measurement, electrical foil strain gauges (SG) 
were used. For the strain measurements in the steel reinforcement a gauge length of 5 
mm was utilized. This strain gauge was manufactured by Kyowa (KFW-5-120-C1-
11L3M2R). For the strains measured in the CFRP grid tows a much smaller strain
gauge was used with a gauge length of 2 mm, also manufactured by Kyowa (KFWS-
2N-120-C1-11L3M3R).

For the test set-up at DTU a special and to some extend deviating set-up was used.
According to Christiansen and Jürgensen (2006), the load was applied by two cylinders
standing on the floor. The pressure in the cylinders was equal as they were part of the
same hydraulic system. The pressure was controlled manually by the machine shown in
Figure B.2. A loading rate of 10 kN/min was approximated using a manual pressure
control panel, see Figure B.1.

Figure B.1. Manual pressure control of the load rate, Christiansen and Jürgensen (2006). 
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Steel column (vertical and 
horizontal restraint) 

Steel rod
(vertical
restraint)Steel Beam (vertical restraint)

Steel rod
(horizontal
restraint)

Hydraulic load cylinder

Figure B.2. Test set-up for specimens at DTU, Christiansen and Jürgensen (2006).

Each of the cylinders provided a load of maximum 500 kN. The pressure was translated
into voltage by the data-logger and the optical measuring equipment. The top of the
cylinders was constructed as a ball joint which ensured that no horizontal load was 
applied to the beam.

The transducers were used to measure the deflection of the beams at every stage during 
the tests. Hereby it was possible to draw load/deflection curves after the tests, and the
stiffness and bearing capacity of the beams could be determined from these curves. The
transducers were of the type TR 100 a 502 and TR 50 a 100. 

The test series performed at DTU were a part of a master thesis project, which the
author partly co-supervised.
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B.2 K40s0

B.2.1 Load and deflection 

For this beam specimen the deflections were measure at four points. Two LVDTs were
placed over the supports and two LVDTs at the midpoint of the beam. The midpoint
deflection recorded in this thesis are the average value from the two LVDTs located at 
the midpoint. Load points and deflection monitoring is recorded in Figure B.3.

Figure B.3. Deflection measurements for beam specimen K40s0. 

B.2.2 Strain gauges

For this beam specimens strain gauges were applied on the tensile and compression steel 
reinforcement. In total three strain gauges on the tensile reinforcement and one strain
gauge on the compression reinforcement. This is shown in Figure B.4.

Figure B.4. Strain gauge placement on steel reinforcement. 
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B.3 Beam specimens tested at DTU 

In total five beam specimens were tested at DTU. One of these were a unstrengthened
reference beam. The remaining four were strengthened with different CFRP grids and
two different mortars. Beam specimens tested at DTU are recorded in Table B.1. Test
set-up and deflection measurement for these beam are shown in the following section.

Table B.1. Strengthening design for beam specimens tested at DTU. 

SG nr Strengthening
[mm]

Mortar CFRP grid
K40s0* - -

K40s0-M2-G1* Mortar 2 Grid 1 

K40s0-M2-G2* Mortar 2 Grid 2 

K40s0-M2-G3* Mortar 2 Grid 3 

K40s0-M1-G3* Mortar 1 Grid 3 

B.3.1 Load and deflection 

The load and deflection set-up for beams tested at DTU are recorded in Figure B.5. 
The deflections measured were; support settlement, midpoint deflection and the
deflection under the load points. The deflections were monitored in a total of five 
points using 5 transducers. 

Figure B.5. Load and deflection set-up for beam specimen K40s0*. 
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B.3.2 Ultimate failure 

A B

C D

Figure B.6. Failure mode for beam specimens tested at DTU. A) K40s0M2G1* shear
failure, B) K40s0M2G2* shear failure, C) K40s0M2G3 shear faulure and D) 
K40s0M1G3* shear failure.

B.4 K40s0-M2

B.4.1 Load and deflection 

For this beam specimen the deflections were measure at four points, similar to the
beam specimen K40s0. Two LVDTs were mounted over the supports and two LVDTs
at the midpoint of the beam. The midpoint deflections recorded in this thesis are the 
average value from the two LVDTs located at the midpoint. Load points and deflection
monitoring is recorded in Figure B.7.
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Figure B.7. Deflection measurements for beam specimen K40s0. 

B.4.2 Strain gauges

For this beam specimen strain gauges were applied on the tensile and compression steel
reinforcement. In total three strain gauges on the tensile reinforcement and one strain
gauge on the compression reinforcement. This is shown in Figure B.8.

Figure B.8. Strain gauge placement on steel reinforcement. 

B.4.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen. The region 
which was assessed with black and white sand is recorded in Figure B.9.
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Figure B.9. Monitored area using photometric strain monitoring. 

B.4.4 Ultimate failure 

Figure B.10. Ultimate failure mode: shear.

B.5 K40s0-M2-G2a

B.5.1 Load and deflection 

For this beam specimen the deflections were measure at four points. Two LVDTs were
placed over the supports and two LVDTs at the midpoint of the beam. The midpoint
deflection recorded in this thesis is the average value from the two LVDTs located at 
the midpoint. Load points and deflection monitoring is recorded in Figure B.11.
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Figure B.11. Deflection measurements for beam specimen K40s0.

B.5.2 Strain gauges

For this beam specimen strain gauges were applied on the tensile and compression steel
reinforcement. In total three strain gauges on the tensile reinforcement and one strain
gauge on the compression reinforcement. This is shown in Figure B.12.

Figure B.12. Strain gauge placement on steel reinforcement. 

B.5.3 Photometric measurement 

A larger region of the strengthened shear span was measure on this beam specimen
compared to K40s0M2. The monitored area is recorded in Figure B.13 and covers the 
whole shear span.
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Figure B.13. Monitored area using photometric strain measurement. 

B.5.4 Ultimate failure 

Figure B.14. Ultimate failure mode: shear.

B.6 K40s0-M2-G2b

B.6.1 Load and deflection 

For this beam specimen the deflections were measure at four points. Two LVDTs were
placed over the supports and two LVDTs at the midpoint of the beam. The midpoint
deflection recorded in this thesis is the average value from the two LVDTs located at 
the midpoint. Load points and deflection monitoring is recorded in Figure B.15.

249



Figure B.15. Deflection measurements for beam specimen K40s0.

B.6.2 Strain gauges

For this beam specimen strain gauges were applied on the tensile and compression steel
reinforcement. In total three strain gauges on the tensile reinforcement and one strain
gauge on the compression reinforcement. This is shown in Figure B.16.

Figure B.16. Strain gauge placement on steel reinforcement. 

Along with the strain gauge measurements in the longitudinal steel reinforcement,
strain gauges were applied on the grid in the strengthening system. The preferable
strain gauge set-up would be strain gauge bridges were the principal strains would be 
measured. This is however not possible due to the design of the grid, the thickness of
the horizontal and vertical tows are too small. Then strain gauges were applied on both
the vertical and horizontal tows in the vicinity of each other and at a presumed crack 
line of 30°. The strain gauge set up is recorded in Figure B.17. 
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Figure B.17. Strain gauges applied at the CFRP grid on both horizontal and vertical tows. 

The coordinate of each individual strain gauge are recorded in Table B.2. Where x and
y coordinate represents the location in horizontal (length) respectively vertical direction 
(cross). The coordinate origin is at the load point located at the upper part of the beam
specimen. The positive direction of the x axis is to the right and for the y axis
downwards in Figure B.17.
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Table B.2. Positioning of the strain gauges on the CFRP grid, with the coordinate origin at
the load point on the upper part of the beam specimen.

SG nr Strain gauge coordinate
[mm]

SG direction on the tows 

x y Length Cross
1 114 66 X

2 46 27 X

3 187 108 X

4 85 49 X

5 256 148 X

6 164 95 X

7 341 197 X

8 277 160 X

9 414 239 X

10 320 185 X

11 492 284 X

12 398 230 X

13 568 328 X

14 482 278 X

15 648 374 X

16 558 322 X

17 724 418 X

18 634 366 X

19 797 460 X

20 718 415 X

22 799 461 X

B.6.3 Photometric measurement 

A larger region of the strengthened shear span was measure on this beam specimen
compared to K40s0M2. The monitored area is recorded in Figure B.18 and covers the 
whole shear span.
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Figure B.18. Monitored area using photometric strain measurement. 

B.6.4 Ultimate failure 

Figure B.19. Ultimate failure mode: shear.

B.7 K40s0-M3-G2

B.7.1 Load and deflection 

Similar to beam specimens K40s0, K40s0M2, K40s0M2G2a and K40s0M2G2b the 
deflections were measure at four points. Two LVDTs were placed over the supports
and two LVDTs at the midpoint of the beam. The midpoint deflection recorded in this 
thesis is the average value from the two LVDTs located at the midpoint. Load points
and deflection monitoring is recorded in Figure B.20.
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Figure B.20. Deflection measurements for beam specimen K40s0.

B.7.2 Strain gauges

For this beam specimen strain gauges were applied on the tensile and compression steel
reinforcement. In total three strain gauges on the tensile reinforcement and one strain
gauge on the compression reinforcement. This is shown in Figure B.21.

Figure B.21. Strain gauge placement on steel reinforcement. 

B.7.3 Photometric measurement 

The monitored area is recorded in Figure B.22 and covers the whole shear span. 
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Figure B.22. Monitored area using photometric strain measurement. 

B.7.4 Ultimate failure 

Figure B.23. Ultimate failure mode: shear.

B.8 K30s0

B.8.1 Load and deflection 

Figure B.24 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
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on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.24. Test set-up and deflection measurement. 

B.8.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen. These strain gauges were located at one of the compression rebar and at one
of the bottom tensile rebar at the midpoint of the beam, see Figure B.25. 

Figure B.25. Strain gauge monitoring of the steel reinforcement 

B.8.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen. The region 
which was assessed with black and white sand is recorded in Figure B.26.
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Figure B.26. Monitored area using photometric strain monitoring. 

B.8.4 Ultimate failure 

Figure B.27. Ultimate failure mode: shear.
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B.9 K30s3

B.9.1 Load and deflection 

Figure B.28 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.28. Test set-up and deflection measurement. 

B.9.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K30s3. Further, strain gauges were also applied on 
the stirrups in the shear span with a stirrup distance of 350 mm. The location of the 
strain gauges mounted in the stirrups was taken as 170, 220, 270, 320, 370 and 420 mm 
taken from the bottom of the beam on the height of the beam. The strain gauge set-up
is recorded in Figure B.29. 
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Figure B.29. Strain gauge monitoring of the steel reinforcement 

B.9.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.30. 

Figure B.30. Monitored area using photometric strain monitoring. 
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B.9.4 Ultimate failure 

Figure B.31. Ultimate failure mode: shear + crushing. 

B.10 K30s3-M2-G2

B.10.1 Load and deflection 

Figure B.32 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.32. Test set-up and deflection measurement. 
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B.10.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K30s3. Further, strain gauges were also applied on 
the stirrups in the shear span with a stirrup distance of 350 mm. The location of the 
strain gauges mounted in the stirrups was taken as 170, 220, 270, 320, 370 and 420 mm 
taken from the bottom of the beam on the height of the beam. The strain gauge set-up
for the steel reinforcement is recorded in Figure B.33. Further, strain gauges were also 
applied on the CFRP grid at the same height as the strain gauges on the steel
reinforcement and in the vicinity of the strain gauges on the stirrups. The strain gauge
placements on the vertical CFRP tows are recorded in Figure B.34.

Figure B.33. Strain gauge monitoring of the steel reinforcement. 

Figure B.34. Strain gauge placement on vertical CFRP tows.

B.10.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.35. 
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Figure B.35. Monitored area using photometric strain monitoring. 

B.10.4 Ultimate failure 

Figure B.36. Ultimate failure mode: compression, concrete crushing between the load points. 
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B.11 K30s2-M2-G2r

B.11.1 Load and deflection 

Figure B.37 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.37. Test set-up and deflection measurement. 

B.11.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement on both the upper 
compression steel reinforcement and on the bottom tensile reinforcement. Further,
strain gauges were also applied on the stirrups in the shear span with a stirrup distance
of 350 mm. The location of the strain gauges mounted in the stirrups was taken as 170,
220, 270, 320, 370 and 420 mm taken from the bottom of the beam on the height of
the beam. This beam was also strengthened using the NSMR system with two CFRP
bars. The strains at the midpoint of these two bars were also measured using the same 
strain gauges as for the steel reinforcement. The strain gauge set-up for the steel 
reinforcement and NSMR bars are recorded in Figure B.38. Further, strain gauges 
were also applied on the CFRP grid at the same height as the strain gauges on the steel
reinforcement and in the vicinity of the strain gauges on the stirrups. The strain gauge
placements on the vertical CFRP tows are recorded in Figure B.39.
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Figure B.38. Strain gauge monitoring of the steel reinforcement. 

Figure B.39. Strain gauge placement on vertical CFRP tows.

B.11.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.40. 
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Figure B.40. Monitored area using photometric strain monitoring. 

B.11.4 Ultimate failure 

Figure B.41. Ultimate failure mode: compression, concrete crushing in between the load 
points.
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B.12 K30s2-M2-G2-t2r

B.12.1 Load and deflection 

Figure B.42 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.42. Test set-up and deflection measurement. 

B.12.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K30s2M2G2. Further, strain gauges were also applied 
on the stirrups in the shear span with a stirrup distance of 350 mm. The location of the 
strain gauges mounted in the stirrups was taken as 170, 220, 270, 320, 370 and 420 mm 
taken from the bottom of the beam on the height of the beam. The strain gauge set-up
for the steel reinforcement is recorded in Figure B.43. Further, strain gauges were also 
applied on the CFRP grid at the same height as the strain gauges on the steel
reinforcement and in the vicinity of the strain gauges on the stirrups. The strain gauge
placements on the vertical CFRP tows are recorded in Figure B.44.
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Figure B.43. Strain gauge monitoring of the steel reinforcement. 

Figure B.44. Strain gauge placement on vertical CFRP tows.

B.12.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.45. 
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Figure B.45. Monitored area using photometric strain monitoring. 

B.12.4 Ultimate failure 

Figure B.46. Ultimate failure mode: compression, crushing of the concrete in between the load
points.
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B.13 K60s0

B.13.1 Load and deflection 

Figure B.47 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.47. Test set-up and deflection measurement. 

B.13.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen. These strain gauges were located at one of the compression rebar and at one
of the bottom tensile rebar at the midpoint of the beam, see Figure B.48. 

Figure B.48. Strain gauge monitoring of the steel reinforcement 
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B.13.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen. The region 
which was assessed with black and white sand is recorded in Figure B.49.

Figure B.49. Monitored area using photometric strain monitoring. 

B.13.4 Ultimate failure 

Figure B.50. Ultimate failure mode: shear.
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B.14 K60s3

B.14.1 Load and deflection 

Figure B.51 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.51. Test set-up and deflection measurement. 

B.14.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K30s3. Further, strain gauges were also applied on 
the stirrups in the shear span with a stirrup distance of 350 mm. The location of the 
strain gauges mounted in the stirrups was taken as 170, 220, 270, 320, 370 and 420 mm 
taken from the bottom of the beam on the height of the beam. The strain gauge set-up
is recorded in Figure B.52. 
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Figure B.52. Strain gauge monitoring of the steel reinforcement 

B.14.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.53. 

Figure B.53. Monitored area using photometric strain monitoring. 
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B.14.4 Ultimate failure 

Figure B.54. Ultimate failure mode: shear.

B.15 K60s2

B.15.1 Load and deflection 

Figure B.55 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.55. Test set-up and deflection measurement. 
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B.15.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K30s3. Further, strain gauges were also applied on 
the stirrups in the shear span with a stirrup distance of 350 mm. The location of the 
strain gauges mounted in the stirrups was taken as 170, 220, 270, 320, 370 and 420 mm 
taken from the bottom of the beam on the height of the beam. The strain gauge set-up
for the steel reinforcement is recorded in Figure B.56. 

Figure B.56. Strain gauge monitoring of the steel reinforcement. 

B.15.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.57. 

Figure B.57. Monitored area using photometric strain monitoring. 
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B.15.4 Ultimate failure 

Figure B.58. Ultimate failure mode: compression, crushing of concrete in between the load
points.

B.16 K60s2r

B.16.1 Load and deflection 

Figure B.59 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.
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Figure B.59. Test set-up and deflection measurement. 

B.16.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K60s2r. Further, strain gauges were also applied on 
the stirrups in the shear span with a stirrup distance of 350 mm. The location of the 
strain gauges mounted in the stirrups was taken as 170, 220, 270, 320, 370 and 420 mm 
taken from the bottom of the beam on the height of the beam. This beam was also
strengthened using the NSMR system with two CFRP bars. The strains at the
midpoint of these two bars were also measured using the same strain gauges as for the
steel reinforcement. The strain gauge set-up for the steel reinforcement and NSMR
bars are recorded in Figure B.60. 

Figure B.60. Strain gauge monitoring of the steel reinforcement. 

B.16.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.61. 
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Figure B.61. Monitored area using photometric strain monitoring. 

B.16.4 Ultimate failure 

Figure B.62. Ultimate failure mode: shear.
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B.17 K60s3-M2-G2

B.17.1 Load and deflection 

Figure B.63 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.

Figure B.63. Test set-up and deflection measurement. 

B.17.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K30s3 and K60s3. Further, strain gauges were also 
applied on the stirrups in the shear span with a stirrup distance of 350 mm. The 
location of the strain gauges mounted in the stirrups was taken as 170, 220, 270, 320,
370 and 420 mm taken from the bottom of the beam on the height of the beam. The 
strain gauge set-up for the steel reinforcement is recorded in Figure B.33. Further,
strain gauges were also applied on the CFRP grid at the same height as the strain
gauges on the steel reinforcement and in the vicinity of the strain gauges on the 
stirrups. The strain gauge placements on the vertical CFRP tows are recorded in Figure
B.64.
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Figure B.64. Strain gauge monitoring of the steel reinforcement. 

B.17.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.65. 

Figure B.65. Monitored area using photometric strain monitoring. 
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B.17.4 Ultimate failure 

Figure B.66. Ultimate failure mode: compression, crushing of concrete in between the load
points.

B.18 K60s2-M2-G2r

B.18.1 Load and deflection 

Figure B.67 shows the test set-up and deflection measurements. The deflection was
measured at six points. Monitored deflection are; support settlements (1), midpoint
deflection (3) and the transducers at (2) measures the deflection at 800 mm from the 
supports in the shear span, this mainly to compare if there are any deflection differences
between the strengthened side and the heavily steel stirrup reinforced side. The 
midpoint deflection (3) was taken as the average value between two transducers located
on the outside of the beam, their purpose was mainly to monitor the out of plane 
movements for the beam specimen.
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Figure B.67. Test set-up and deflection measurement. 

B.18.2 Strain gauges

Strain gauges were applied on the longitudinal steel reinforcement for this beam
specimen similar to the specimen K60s2r. Further, strain gauges were also applied on 
the stirrups in the shear span with a stirrup distance of 350 mm. The location of the 
strain gauges mounted in the stirrups was taken as 170, 220, 270, 320, 370 and 420 mm 
taken from the bottom of the beam on the height of the beam. This beam was also
strengthened using the NSMR system with two CFRP bars. The strains at the
midpoint of these two bars were also measured using the same strain gauges as for the
steel reinforcement. The strain gauge set-up for the steel reinforcement and NSMR
bars are recorded in Figure B.68. 

Figure B.68. Strain gauge monitoring of the steel reinforcement. 

B.18.3 Photometric measurement 

Photometric strain monitoring set-up was used for this beam specimen, similar to the 
K30s0 specimen. The region which was assessed with black and white sand is recorded 
in Figure B.69. 
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Figure B.69. Monitored area using photometric strain monitoring. 

B.18.4 Ultimate failure 

Figure B.70. Ultimate failure mode: compression, crushing of concrete in between the load
points.
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C Appendix - Shear design models 

C.1 Test set-up and geometries

This appendix will describe the calculation done to evaluate the presented shear design
models on FRP strengthened concrete beams using epoxy bonding agents. The beam 
presented in Figure C.1 is a similar beam that has been evaluated in this thesis but on
strengthening with the use of mineral based composites. The strengthening scheme was
side bonded CFRP on the entire length of the shear span. The shear span failure load
for the strengthened beam in the test set-up was 247 kN and the reference beam 
without strengthening had a failure load of 125 kN. Thus, the FRP contribution to the
shear span bearing capacity is 122 kN. The failure mode was rupture of the CFRP 
sheets.

Figure C.1. Test set-up and geometries for an actual strengthened concrete beam according to 
(Hägglund, 2003). Notations are adopted for this evaluation.
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C.1.1 Geometry

Table C.1. Geometrical properties for evaluated beam specimens, after Hägglund (2003).

Notation Size Unit
Length of beam l 4500 mm

Shear span a 1250 mm

Crack angle 32 °

Beam height h 500 mm

Beam width b 180 mm

Distance to reinforcement d 420 mm

Distance to CFRP edge dFRP,t 0 mm

Diameter of longitudinal reinforcement 16 mm

C.2 Material properties 

C.2.1 Concrete

Table C.2. Concrete properties for evaluated beam specimen, according to Hägglund (2003).

Notation Size Unit

Compressive strength fc 67 MPa

Tensile strength fct 2.8 MPa

Modulus of elasticity Ec 30 GPa

Cross section area Ac 90000 mm2

Shear crack surface Ac,shear 169837 mm2
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C.2.2 Reinforcement

Table C.3. Steel reinforcement properties for evaluated beam specimen, according to 
(Hägglund, 2003).

Notation Size Unit

Yield strength fy 500 MPa

Modulus of elasticity Es 210 GPa

Area compressive reinforcement As,c 402 mm2

Area tensile reinforcement As,t 2413 mm2

Reinforcement ratios

Steel compressive reinforcement s,c 0.00447 As,c/Ac

Steel tensile reinforcement s,t 0.02681 As,t/Ac

C.2.3 CFRP

Table C.4. Properties for the CFRP used in strengthening evaluated beam specimens,
according to (Hägglund, 2003). 

Notation Size Unit

Tensile strength fFRP,ult 4500 MPa

Modulus of elasticity EFRP 234 GPa

Fibre rapture strain FRP,ult 0.015 strain

Thicknes tFRP 0,09 mm

Width of strip w 50 mm

Strip distance s 50 mm

Fibre alignment 45 °

Shear crack area AFRP,shear 170 mm2

CFRP strengthening ratios

FRP reinforcement FRP 0.00100 AFRP,shear/Ac,shear

Note that the FRP strengthening ratio is based on the FRP area that crosses the shear
crack to the concrete area of the shear crack.
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C.3 Evaluation of proposed design methods

By inserting geometrical and material properties in the proposed design equation the
FRP contribution the shear bearing capacity can be obtained and compared to the
experimentally obtained shear failure load. 

C.3.1 Triantafillou (1998) 

sincot1
9,0

, dbEV eFRPFRPFRP
FRP

FRP C.1

10

0104.00205.00119.0 2
,

FRPFRP

FRPFRPFRPFRPeFRP

Efor

EE
C.2

1

00245.000065.0,

FRPFRP

FRPFRPeFRP

Efor

E
C.3

FRP•EFRP = 0.234 GPa
Insertion in C.2 gives 

FRP,e = 0.0077 strain
Insertion in C.1 gives the shear bearing capacity of the CFRP 

VFRP = 173 kN

Triantafillou and Antonopoulos (2000) 

CFRP rupture

30.0
3

2

,

, 17.0
FRPFRP

c

uFRP

eFRP

E

f C.4

FRP,e = 0.0091 strain
Insertion in C.1 gives the shear bearing capacity of the CFRP

VFRP = 206 kN
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Shear failure due to debonding

3

56.0
3

2

, 1065.0
FRPFRP

c
eFRP E

f
C.5

FRP,e = 0.0070 strain
Insertion in C.1 gives the shear bearing capacity of the CFRP

VFRP = 159 kN

C.3.2 Khalifa et al. (1998) 

Fibre rapture 

50.0778.02188,15622.0 2
FRPFRPFRPFRP EER C.6

ultFRPeFRP
ultFRP

eFRP RR ,,
,

,
C.7

Insertion of the axial rigidity in C.6 gives 

R = 0.52
Insertion in C.7 gives 

FRP,e = 0.0079 strain
Insertion in C.1 gives 

VFRP = 177 kN

Debonding

50.0
'0042.0

,
58.0

3/2

dtE

wf
R

ultFRPFRPFRP

effc
C.8

For side bonded FRP 

FRPFRP Et
eff edw ln58.0134.62 C.9

Insertion of geometrical and material properties in C.9 gives 

weff = 262,5 mm
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Insertion in C.8 gives 

R = 0.49
Insertion in C.7 gives 

FRP,e = 0.0074 strain
Insertion in C.1 gives 

VFRP = 166 kN

C.3.3 Zhang and Hsu (2005) 

Alternative 1 

7488.0

'
8589.1

c

FRPFRP

f

E
R C.10

Insertion of the axial rigidity and the concrete compression strength gives 

R = 0.73
Insertion in C.7 gives 

FRP,e = 0.0109 strain
Insertion in C.1 gives 

VFRP = 246 kN

Alternative 2 

1
2 ,

max

,

,

ultFRPFRP

e

ultFRP

eFRP

ft

L

f

f
R C.11

38.6'1073.2'1064.7 224
max cc ff C.12

Insertion of the concrete compression strength in C.12 gives 

max = 7.98 MPa
Insertion in C.11 and with Le = 75 mm, given by Zhang and Hsu (2005) 

R = 0.95
Insertion in C.7 gives 

FRP,e = 0.0142 strain
Insertion in C.1 gives 
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VFRP = 320 kN
Zhang and Hsu proposed that the lowest value of alternative 1 and 2 should be used. 

C.3.4 Chen and Teng (2003a, b) 

For better comprehension Figure C.1 is revised further to comply with the notations
given by Chen and Teng, see Figure C.2.

Shear crack 

0.1d
zt

zb hFRP,e

dFRP,t

Figure C.2. Notation set-up according to Chen and Teng notation.

The FRP contribution to the shear bearing capacity.

FRP

eFRP
FRPFRPeFRPFRP s

h
wtfV

sincotcot
2 ,

, C.13

The effective stress in the FRP

,max, FRPFRPeFRP Df C.14

The calculation of the FRP contribution is then divided into two failure modes, fibre
rupture and Debonding. 

Fibre rupture

The stress distribution factor

2

1
FRPD C.15

Where
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b

t

z

z
C.16

tFRPtFRPt ddddz ,, 1.01.0 C.17

ddhdz FRPb 1.0 C.18

zt is the distance from the effective compression face (0,1d from the top) to the top end 
of the effective FRP 

zb is the distance from the effective compression face to the bottom end of the effective
FRP

eFRPtb hzz , C.19

dFRP,t is the coordinate from the top of the compression face to of the FRP 

dFRP is the distance from the compression face to the lower edge of the FRP 

h, d and dFRP,t can be seen in Figure C.1

In this set-up the FRP covers the entire height of the beam. Thus, dFRP,t is equal to 
zero and dFRP is equal to h. Insertion in eq. C.16 and C.15 gives the stress/strain
distribution factor 

DFRP = 0.5
Insertion in C.18 gives. 

zb = h = 462 mm
Insertion of the stress distribution factor in eq. C.14, using the ultimate tensile strength
of the FRP and inserting this in eq. C.13 gives. 

VFRP = 134 kN

Debonding

The stress distribution factor is given by. 

1
2

1

1

2
sin

2
cos1

2

if

if
DFRP C.20

Where
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eL

Lmax
C.21

And the maximum bond length for side bonding is given by. 

sin2
,

max
eFRPh

L C.22

Insertion in of the effective height and alignment of the FRP in C.12 gives. 

Lmax = 327 mm
The effective bond length is given by. 

'c

FRPFRP
e

f

tE
L C.23

Insertion of material properties and the thickness of the FRP in C.23 give. 

Le = 50.7 mm
Insertion of the maximum and effective bond length in C.21 gives. 

 = 6

Insertion of >1 in C.20 gives. 

DFRP = 0.94
The maximum stress in the FRP is given by. 

FRP

cFRP
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C.26

Insertion in C.26 gives. 
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w = 0.49

Insertion of w, l, tf,EFRP and fc in C.24 gives. 

FRP,max = 970 MPa

Insertion of the stress distribution factor in eq. C.14, using the obtained FRP,max for the 
FRP and inserting this in eq. C.13 gives.

VFRP = 132 kN

C.3.5 Carolin and Täljsten (2005) 

sin
sinzrtEV FRPFRPFRPcrFRP C.27

Debonding

2
max,

2

,

sin

sinmin

c

bond

ultFRP

cr

For the critical strain, cr, a minimum value has to be chosen depending in the failure
mode of the strengthening system. Thus, the lowest value for the respective failure
mode has to be chosen. However, estimated values or analytical approaches on how to 
obtain bond, and c,max is not recorded in (Carolin and Täljsten, 2005). Therefore it is not 
possible to estimate the shear failure load regarding bond strength limitation. Note, in
(Täljsten, 2002) there exist a method on how to calculate the anchorage length needed 
to prevent debonding failures. It is therefore possible to calculate the required bond 
length and in that manor estimate if bond failure is apparent. The required anchorage
length is recorded in eq. C.28.

FRP
FRPct

f
cra

t
cEf

f
ll

C.28

Where:

lcr is the critical anchorage length given as 250 mm 

ff is the effective stress in the FRP, in Täljsten (2002) the ultimate failure stress is 
proposed to be reduced by a factor 0.2 

c is the maximum allowable crack determined by fracture mechanics
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The critical anchorage length is not evaluated in this thesis but is nevertheless shown
that there is analytical progress in developing calculations for debonding.

Fibre rupture

However, in Täljsten (2002) a condensed version, eq. C.29, is adopted for the typical
strengthening scheme used in the experimental set-up thus assuming fibre rapture.

sin

cos
2 zrtEV FRPFRPFRPcrFRP C.29

rFRP for bonding over the entire legnth is

sinFRPr C.30

Insertion gives

rFRP = 0.71
Insertion of material properties in C.29 and with the use of the strain reduction factor,

 = 0,6 and z = 0,9d gives. 

VFRP = 186 kN

C.3.6 Monti and Liotta (2007) 

The shear bearing capacity contribution of the FRP when using a side bonded
strengthening system is given by. 

FRP
fedFRP

Rd
fRd p

w
tfhdV

sin

sin
2,9.0min

1
,, C.31

Note that in this set-up no partial factors are used and therefore Rd is set to 0. The
effective debonding strength is set to

2

,

,
,, 6.01

,9.0min eqrid

eqeqrid
ddFRPedFRP z

l

hd

z
ff C.32

Where zrid,eq is equal to the vertically projected length of the FRP minus the length
where bond is building up (effective bond length), plus a bonded length that would be 
necessary if the FRP stress was uniformly distributed under the debonding slip, sf. More 
over, according to CNR (2005) the definition is. 

eqrideqrid lzz , C.33

sin,9.0min erid lhdz C.34
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Where the debonding slip is set to 0,2 mm according to CNR (2005).

The debonding strength, fFRP,dd is given by. Note that no partial safety factors are used 
in this analysis.

FRP
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Where

ctmckbFK ffk03.0 C.37
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400/1
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k FRP
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3
2
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Note that Rde is taken as fc given in Table C.2 which is the characteristic value of the
cube compression strength. Further, no cylindrical compression strength was taken for 
the beam in Hägglund (2003) and therefore as a simplicity the fde is set equal to fc..
Insertion in C.39 gives 

fctm = 4.45 Mpa

sinFRPFRP sp C.40

Insertion in C.40 gives 

pFRP = 35 mm
For sheets C.38 becomes. 

kb = 1
Knowing the values for pFRP, fctm and assuming fde, then insertion in C.37 and
subsequently inserting eq. C.36 will give. 

fFRP,dd = 834 MPa
The maximum strength calculated for the FRP system at ultimate limit state shall be 
less than fFRP,dd,2 given in CNR (2005) as. 

ddFRPcrddFRP fkf ,2,, C.41
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Where kcr can be taken as 3.0 if no specific data is available. Inserting values in C.41
gives.

fFRP,dd,2 = 2501 MPa
Insertion in C.34 gives 

zrid = 343.9 mm
Insertion in C.35 gives 

leq = 39.7 mm
And subsequently C.33 can then be calculated as.

zrid,eq = 383.3 mm
Insertion of the above in C.32 gives the effective stress in the FRP.

fFRP,ed = 550.4 MPa
Now the shear bearing capacity can be calculated according to C.31. 

VFRP = 71 kN
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