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Summary

Seismic retrofitting of masonry walls with flexible
deep mounted CFRP strips

There is a growing awareness worldwide of the need to structurally im-
prove the existing building stock to protect communities in the event of
earthquakes. This includes the induced seismicity in Groningen, a region
in the Netherlands where the building stock comprises mainly single- and
two-story buildings with unreinforced masonry (URM) walls, designed with-
out any seismic considerations. The need to warrant a sufficient level of
structural safety for buildings in seismic active zones has led to the broad
use of fibre-reinforced polymer (FRP) as retrofit material. The deep mount-
ing of carbon FRP (CFRP) strips to masonry using a flexible adhesive was
developed as a minimally-invasive and cost-effective out-of-plane seismic
retrofitting technique for URM walls. With this novel retrofitting technique
deep grooves are cut in the masonry, after which CFRP strips are installed at
the center of the wall, thus reinforcing the wall for both lateral loading direc-
tions. To account for the failure of the masonry and consequent underutiliza-
tion of the CFRP, a flexible adhesive instead of a conventional stiff adhesive
is used for bonding the CFRP to the masonry. For combined in-plane and
out-of-plane retrofitting, the proposed flexible deep mounted (FDM) CFRP
strip retrofit is combined with a single-sided fabric reinforced cementitious
matrix (FRCM) overlay to form a hybrid retrofit solution. The FRCM system
consists of a carbon fiber mesh embedded in a polymer-modified mortar.

Preliminary experiments showed a strong increase in both moment- and
deformation capacity for URM wallettes retrofitted with FDM CFRP strips,
without significantly damaging the masonry. The effectiveness of this novel
strengthening system was examined in depth in this doctoral research. The
three main topics covered in the thesis are the experimental characterization
and modelling of: i) the bond behaviour between CFRP strips and masonry
when the flexible adhesive is used, ii) the out-of-plane behaviour of masonry
walls retrofitted with FDM CFRP strips, both with and without the single-
sided FRCM overlay, and iii) the in-plane behaviour of masonry walls retro-
fitted with FDM CFRP strips, with and without a single-sided FRCM overlay.



Summary

The effectiveness of any FRP retrofit system largely depends on the ability
to develop shear transfer across the FRP-to-masonry bond. It was thus con-
sidered essential to investigate the bond behaviour of masonry retrofitted
with FDM CFRP strips. An experimental campaign was initiated to deter-
mine the high-speed pullout behaviour of deep-mounted CFRP strips bonded
with a flexible, visco-elasto-plastic adhesive to clay brick masonry. Test re-
sults showed that for anchorage lengths over 1 meter the utilization of the
tensile capacity of the CFRP strip was 100%. Multiple bond-slip correla-
tions were developed, generalized and simplified to a global, multi-linear
bond-slip relation. The accuracy of the proposed partial-interaction model
was validated. This experimental campaign showed that the application of
a flexible adhesive results in higher interfacial fracture energy and higher
debonding slip, when compared to conventional stiff adhesive systems gath-
ered from the global database of FRP-to-masonry bond tests.

Through an extensive experimental campaign on full-scale FDM CFRP
strip retrofitted masonry walls, more in-depth knowledge was obtained re-
garding the out-of-plane behaviour. The full-scale wall specimens were sub-
jected high-speed cyclic loading conditions using a novel, cyclic bending test
setup. Experimental results confirmed the significant increase in the out-of-
plane lateral resistance and deformation capacity for the FDM CFRP strip
retrofitted specimens with respect to the URM specimens. The lateral mo-
ment resistance of the wall was increased with 133% with the installation of
two FDM CFRP strips. For the mean mid-span displacement corresponding
to the lateral resistance, an increase with roughly a factor 90 was achieved
for given axial load. By implementing a scenario where multiple bed joint-
cracks can form and cyclic degradation of the masonry is included, the pro-
posed mechanical model provided a good fit with the experimentally ob-
tained moment – mid-span displacement relationship. A cross-section anal-
ysis using non-linear material models resulted in an overestimation of the
moment capacity for higher displacement levels, because the slip of the em-
bedded CFRP strips was significant in the real situation.

The mechanical behaviour of the FRCM overlay on clay brick masonry
was characterized by means of double-shear bond tests, tensile tests, beam
tests and full-scale out-of-plane bending tests. Material models were pro-
posed where, in addition to existing design models, the influence of the
cementitious matrix was also considered in the cross-section analysis. Using
the modified tensile test results as input parameters for the model, a good
estimation of the strength and deflection levels of the beam tests was ob-
tained. The accuracy of the proposed (non)-linear material models and the
cross-section analysis was validated with the full-scale out-of-plane exper-
iments. The full-scale out-of-plane bending tests on the hybrid retrofitted
walls showed that the single-sided FRCM overlay was able to cooperate ef-
fectively with the FDM CFRP strips, enhancing the moment resistance for
both lateral loading directions. The mean lateral moment resistance of the
hybrid retrofitted walls with respect to the walls retrofitted with solely FDM
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CFRP strips was found to be 120% (FRCM in compression) and 320% (FRCM
in tension) higher. The inclusion of the contribution of FRCM in compres-
sion for the lateral moment resistance was justified. The hybrid retrofitted
walls showed a significant decline in lateral moment resistance after CFRP
mesh rupture.

The in-plane behaviour of hybrid retrofitted walls was experimentally
characterized under cyclic quasi-static loading conditions. A total of nine
full-scale reinforced masonry walls with three different geometries were
tested under three different axial load levels. None of the specimens showed
shear failure on either the reinforced side or the as-built side of the wall sur-
face. An additional experimental program was undertaken in which clay
brick masonry wallettes were subjected to the diagonal compression test to
assess the effectiveness of the hybrid strengthening system on the in-plane
shear behaviour. The FRCM overlay increased the shear capacity with 80%,
compared to the unstrengthened control specimens. In contrast to the URM
specimens, retrofitting a wallette with a FDM CFRP strip alone did not affect
the in-plane strength of masonry wallettes and prevented the disintegration
after reaching the failure load. The analytical model showed good corre-
spondence with the experimental values for both failure mechanism and
failure load.

Multiple valorization projects using the FDM CFRP retrofit were real-
ized over the course of this doctoral research. The process and challenges
regarding groove cutting, FDM CFRP strip installation, and FRCM overlay
installation were presented and discussed. Finally, five completed retrofit
projects in Groningen were briefly reviewed.
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Samenvatting

Seismisch versterken van metselwerk muren met
flexibel en verdiept gemonteerde koolstofvezel
strips

Wereldwijd groeit het bewustzijn van de noodzaak om het bestaande
gebouwenbestand constructief te verbeteren om gemeenschappen te bescher-
men tegen aardbevingen. Zo ook in Groningen, waar sinds de jaren ne-
gentig meer dan duizend geïnduceerde aardbevingen hebben plaatsgevon-
den. De bestaande gebouwen in Groningen hebben voornamelijk één of
twee verdiepingen en wanden van ongewapend metselwerk (URM). Deze
wanden zijn ontworpen en gebouwd zonder seismische overwegingen. De
noodzaak om de constructieve veiligheid van gebouwen in seismisch actieve
gebieden te waarborgen, heeft geleid tot de brede toepassing van vezelver-
sterkte polymeren, oftewel FRP (fibre reinforced polymer). Bij een com-
binatie van FRP en metselwerk ontstaat er bij het bezwijken van het met-
selwerk vaak ook een bros bezwijken van de aanhechting tussen het FRP en
het metselwerk. Om deze reden wordt in plaats van een conventionele stijve
lijm, een flexibele lijm gebruikt om het CFRP component aan het metselwerk
te verlijmen. Zo is een minimaal invasieve seismische versterkingstechniek
ontwikkeld om onversterkte metselwerk (URM) wanden te versterken tegen
uit-het-vlak (buig) belastingen. Met deze innovatieve versterkingstechniek
worden diepe sleuven in het metselwerk gefreesd, waarin een flexibele lijm
en koolstof-FRP (CFRP) strips worden aangebracht. Deze aanbrengmethode
van CFRP strips wordt aangeduid als FDM (flexible deep mounted). Door
de CFRP strip in het hart van de doorsnede van de wand aan te brengen,
wordt de wand versterkt tegen beide uit-het-vlak belastingsrichtingen. Voor
gecombineerde in-het-vlak (afschuiving) en uit-het-vlak belastingen wordt
de voorgestelde versterkingsmethode gecombineerd met een enkelzijdige
textielgewapende mortellaag, oftewel fabric reinforced cementitious matrix
(FRCM), om een hybride versterkingssysteem te vormen. Het FRCM systeem
bestaat uit een met koolstofvezelgaas ingebedde polymeer gemodificeerde
mortel.



Samenvatting

Inleidende experimenten zijn uitgevoerd op metselwerk proefstukken die
versterkt zijn met FDM CFRP strips. Deze versterking resulteerde in een
sterke toename in zowel moment- als vervormingscapaciteit van de geteste
proefstukken. De effectiviteit van dit nieuwe versterkingssysteem is in dit
promotieonderzoek onderzocht. De drie belangrijkste onderwerpen die in
dit proefschrift aan bod komen zijn de experimentele karakterisering en
modellering van: i) het hechtgedrag van FDM CFRP strips aan metselwerk
wanneer een flexibele lijm wordt toegepast, ii) het uit-het-vlak gedrag van
metselwerk muren die achteraf zijn versterkt met FDM CFRP strips, zowel
met als zonder enkelzijdige FRCM laag, en iii) het in-het-vlak gedrag van
metselwerk muren die achteraf zijn versterkt met FDM CFRP strips, zowel
met als zonder enkelzijdige FRCM laag.

De effectiviteit van een FRP versterkingssysteem hangt grotendeels af
van het vermogen van het systeem om schuifspanningen over te dragen aan
het substraat metselwerk. Onderzoek naar het hechtgedrag van FDM CFRP
strips aan metselwerk was mede hierdoor een essentieel onderdeel van dit
promotieonderzoek. Het uittrekgedrag van FDM CFRP strips werd bepaald
door uittrekproeven uitgevoerd bij een hoge snelheid. De testresultaten
toonden aan dat voor verankeringslengtes van meer dan één meter de trek-
sterkte van de CFRP strip volledig kan worden benut. Meerdere hecht-slip-
correlaties zijn geconstrueerd, gegeneraliseerd en vereenvoudigd tot een al-
gemene multi-lineaire hecht-slip-relatie, waarmee de nauwkeurigheid van
het partial-interaction model is gevalideerd. Deze testresultaten zijn verge-
leken met data uit een wereldwijde database van uittrekproeven op FRP-
versterkt metselwerk. Op basis hiervan is geconcludeerd dat de toepassing
van een flexibele lijm resulteert in een hogere grensvlak-breukenergie en
een hogere onthechtingsslip dan systemen met conventionele stijve lijmen.

Om meer inzicht te verkrijgen in uit-het-vlak gedrag van FDM CFRP
strip versterkte metselwerk-muren, is een uitgebreid experimenteel testpro-
gramma opgezet. Met behulp van een nieuw ontwikkelde buigtestopstelling
zijn in dit testprogramma wanden op ware grootte, met hoge snelheid, on-
derworpen aan cyclische belastingen. De testresultaten tonen een signif-
icante toename aan in zowel momentweerstand als vervormingscapaciteit
van de door de installatie van twee FDM CFRP strips versterkte wanden.
De maximale momentweerstand en bijbehorende gemiddelde verplaatsing
in het midden van de overspanning van de versterkte testmuren was respec-
tievelijk een factor 1.3 en 90 hoger dan de onbehandelde referentiemuren.
Het ontwikkelde mechanisch model, waar meervoudige scheuren in de lint-
voegen en cyclische degradatie van het metselwerk zijn meegenomen, re-
sulteerde in een goede benadering van de moment–doorbuigingsrelatie die
volgen uit de experimenten. Een dwarsdoorsnede-analyse met niet-lineaire
materiaalmodellen resulteerde in een overschatting van de momentweer-
stand. Dit gebeurde vooral bij grotere doorbuigingen, waarbij de slip van de
ingebedde CFRP strips niet meer verwaarloosd kan worden.
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Door middel van hechtproeven, trekproeven, en buigproeven op grote en
kleine schaal zijn de mechanische eigenschappen van de FRCM laag op bak-
steen metselwerk vastgesteld. Op basis van de uitkomsten van het experi-
menteel onderzoek zijn materiaalmodellen opgesteld, die in tegenstelling tot
bestaande modellen ook rekening houden met de invloed van de betonma-
trix. Met het model kon het constructieve gedrag van de kleine testmuren
worden beschreven. De opgezette materiaalmodellen en de voorgestelde
rekenmethode zijn vervolgens gevalideerd door buigproeven op versterkte
testmuren op ware grootte. Deze buigproeven op testmuren voorzien van
de hybride versterkingsmethode toonden aan dat de enkelzijdige FRCM laag
effectief kon samenwerken met de FDM CFRP strips. De momentweerstand
van wanden met een hybride versterking bleek een factor 1.2 (FRCM laag in
drukzone) en 3.2 (FRCM laag in trekzone) hoger te ligger dan wanden enkel
versterkt met FDM CFRP strips. De muren met hybride versterking vertoon-
den een significante afname in laterale momentweerstand na het scheuren
van het koolstofvezel wapeningsnet in de FRCM laag.

Het in-het-vlak gedrag van hybride versterkte muren is vastgesteld aan
de hand van experimenten onder cyclische, quasi-statische belasting condi-
ties. In totaal zijn negen hybride versterkte metselwerk muren getest, met
drie verschillende wandgeometrieën en drie verschillende bovenbelastingen.
De geteste muren vertoonden geen dwarskracht bezwijken op de versterkte
of onbehandelde muuroppervlakten. In een aanvullend experimenteel pro-
gramma, waarin vierkante metselwerkpanelen zijn onderworpen aan de di-
agonale compressietest, is de effectiviteit van het hybride versterkingssys-
teem op het in-het-vlak schuifgedrag beoordeeld. De enkelzijdige FRCM laag
zorgde voor een verhoging van de afschuifsterkte met 80% vergeleken met
de niet-versterkte referentie panelen. Het aanbrengen van enkel een FDM
CFRP strip had geen invloed op de in-het-vlak sterkte van de metselwerk
panelen, maar voorkwam wel het uit elkaar vallen van het proefstuk na het
bereiken van de bezwijklast. Tot slot zijn analytische modellen ontwikkeld
en gevalideerd door middel van de in-het-vlak experimenten. De analytische
modellen bleken goed in staat zowel de bezwijklast als het bezwijkmecha-
nisme van wanden te voorspellen.

Gedurende dit promotieonderzoek zijn meerdere valorisatieprojecten ge-
realiseerd met het FDM CFRP versterkingssysteem. Het proces en de uitdagin-
gen met betrekking tot het frezen van de sleuven, het installeren van FDM
CFRP strips en het aanbrengen van de enkelzijdige FRCM laag zijn in deze
dissertatie gepresenteerd. Ter afsluiting zijn vijf afgeronde versterkingspro-
jecten in Groningen beschreven.
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Chapter 1
Introduction

Masonry structures represent the highest proportion of the building stock
worldwide. There is a growing awareness worldwide of the need to improve
the existing building stock to protect communities in the event of future
earthquakes. This development, mainly driven by the need to warrant a suf-
ficient level of safety, has led to the development of multiple seismic retrofit
techniques. This dissertation provides fundamental research on a novel,
minimally-invasive and cost-effective seismic retrofitting technique for ma-
sonry buildings.

1.1 Context

Discovered in 1959, the Groningen gas field in the north of the Nether-
lands has for a long time been one of Europe’s main suppliers of natural
gas. In the decades since the discovery, this natural gas had brought eco-
nomic welfare and prosperity to the Netherlands. Gas extraction operations
occurred in Groningen for 20 years without any induced earthquakes, un-
til 26th of December 1986, where an earthquake with magnitude 2.8 struck
Assen. The accumulated extraction of natural gas caused the reservoir to
compact, increasing the stresses on pre-existing geological faults. When the
shear traction at these faults becomes sufficient to overcome frictional re-
sistance on the fault surface, fault slip occurs leading to seismic events [1].
With only three induced earthquakes between 1986 and 1990, the recorded
earthquakes were relatively rare at first. However, starting from the 90’s,
over 1,600 induced earthquakes were recorded (Fig. 1.1) until now. The
heaviest induced earthquake took place in 2012, with a magnitude of 3.6.
Although the magnitude of these induced earthquakes is relatively low, the
earthquakes have a big impact on the buildings in the region due the soft
surface soils in the area, the shallow depth (3 km beneath earth’s surface)
of the hypocentre [2] and the regional building typology.
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Figure 1.1: Magnitude and number of accumulated events of the earthquakes in
Groningen between 1986 and 2020, divided in 4 groups: M≥3 (blue),
2≤M<3 (orange), 1≤M<2 (purple) and M<1 (green) [3].

As an area not prone to tectonic earthquakes, buildings in Groningen
were not designed to withstand seismic actions, consequently making these
buildings highly vulnerable to earthquake events. Approximately 70% of
the building stock in Groningen is composed of unreinforced masonry build-
ings [4]. Façades of these buildings typically consist of cavity walls with
masonry leaves of 100 mm in thickness divided by a 30-80 mm wide cavity
and connected by a limited number of steel wall ties. Generally, the inner
leaves are constructed from either clay-brick masonry or calcium-silicate ma-
sonry while clay-brick masonry is most commonly used for the outer leaves.
The slenderness of the load-bearing inner leaves is one of the main reasons
these buildings are highly vulnerable for seismic actions. The minimum ef-
fective thickness for masonry shear walls as provided in Eurocode 8 [5] is
170 mm in cases of low seismicity.

After the 2012 Huizinge earthquake, a program of inspection began to
assess the earthquake risk of the buildings in the area, from public build-
ings, such as schools and hospitals, to private dwellings [6]. In 2014 the
Dutch Minister of Economic Affairs announced several measures to ensure
the safety of those living above the Groningen natural gas field. Next to the
reduction of natural gas production in Groningen over the following three
years, a total of nearly C1.2 billion was made available to retrofit homes
and other buildings, strengthen infrastructure, and improve quality of life in
the region over the following five years [7]. In 2018 the Dutch government
announced that the natural gas extraction from the Groningen gas field will
eventually be terminated [8].
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The Dutch State Supervision of Mines reported in 2019 that the mag-
nitude of the retrofitting task was estimated at approximately 26,000 ad-
dresses. From the 15,300 addresses that had been inspected until the begin-
ning of 2020, 1,000 addresses were retrofitted, and 900 were in the process
of being retrofitted. Due to the magnitude and needed pace of the retrof-
fiting task, cost-effective, minimally invasive and easy to install (in order to
mobilize contractors at large scale) retrofit configurations were needed.

1.2 Out-of-plane retrofitting techniques

During an earthquake a wall is subject to simultaneous in-plane and out-of-
plane actions. In-plane refers to the loading condition along the axis of a
surface of the considered wall, whereas out-of-plane refers to the loading
condition perpendicular to the surface to the considered wall, as depicted in
Fig. 1.2. One of the most critical deficiencies of historic clay brick masonry
buildings is out-of-plane (OOP) failure induced by lateral earthquake loads
[9–11]. Even though this failure mechanism is inhibited via the addition of
adequate wall-diaphragm connections at the building’s roof and floor levels
[12], the sudden and unstable out-of-plane failure of walls acting in either
one-way or two-way bending endangers their vertical load bearing capacity.
Hence, the out-of-plane failure mechanism can result in extensive damage
and potential catastrophic collapse, posing a significant life-safety hazard to
both building occupants and nearby pedestrians [13].

Figure 1.2: In-plane and out-of-plane loading directions on a masonry wall

A major part of the retrofitting task in Groningen consists of out-of-plane
strengthening of masonry walls. Traditional strengthening techniques for
enhancing the OOP structural performance of masonry walls such as steel
plate bonding, steel or timber frame works and shotcrete jacketing have ma-
jor disadvantages such as adding considerable mass to the structure, being
labour intensive and impinging the aesthetics of a building [9].
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Researchers in New-Zealand developed a cost-effective and light timber
retrofit solution, consisting of a number of vertical timber members (termed
as strong-backs) installed on the internal surface of the inner loadbearing
masonry leaf [14]. In a series of shake-table tests involving timber strong-
back retrofitting of both masonry walls [14] and a terraced house [15]
an increase in sustained maximum peak ground acceleration (PGA) values
with respect to the unreinforced situation was reported. Even though using
strong-backs may provide a cost-effective retrofit solution, trade-offs need to
be made with the living floor space. Using 90x45 mm timber strong backs
combined with an oriented strand board of 18 mm thick on the internal
surface of the inner loadbearing masonry leaf would move the wall of the
domestic space roughly 110 mm inward.

The use of fibre reinforced polymers (FRP) for seismic retrofitting of ma-
sonry has gained a lot of interest over the past decades. The disadvantages
of the traditional strengthening techniques for masonry led to the idea of
using FRP composites for strengthening of masonry. Typically, these mate-
rials are made of Carbon (CFRP), Glass (GFRP), Basalt (BFRP) or Aramid
(AFRP) fibres bonded together by an epoxy-resin. The main advantages of
FRP include high strength, high stiffness, low weight and immunity to cor-
rosion [16]. Initially FRP was used in the form of Externally Bonded (EB)
sheets for both in-plane and out-of-plane strengthening of masonry. In this
method firstly the surface of the substrate (concrete or masonry) is prepared
by removing contamination and weak surface layers, after which a FRP sheet
is adhesively bonded to the substrate by means of an organic resin. This
strengthening system has proven to be highly effective in enhancing both
the shear capacity, the flexural capacity and the ductility of masonry walls.
The main disadvantages of this method were however found to be vulnera-
bility to environmental influences, vulnerability to fire, high cost of epoxies,
lack of vapor permeability, inability to install the system on damp substrates
and poor behaviour of the epoxy-resin at temperatures above the glass tran-
sition temperature [17–19].

Over the last decade the near surface mounted (NSM) technique has
been raised as a promising alternative. With this technique, FRP strips or
rods are placed in a layer of epoxy in pre-cut grooves perpendicular to the
surface of the wall. Near surface mounting offers several advantages over
EB FRP such as higher strain at debonding and therefore more efficient use
of the FRP, reduced aesthetic impact, reduced installation time and superior
protection from fire and environmental influences [13,20,21]. Both the EB
and NSM technique however, require double-sided application for seismic
retrofitting of masonry walls for reversed cyclic loading. In case of strength-
ening load-bearing inner leaves of cavity walls, both the EB and NSM tech-
nique would require both stripping the wall from the inside and the removal
of the outer leaf of the façade, consequently leading to considerable addi-
tional expenses. If the FRP strips were to be installed at the center-depth of
the brick by milling deeper grooves perpendicular to the surface of the wall,
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reinforcing the inner loadbearing masonry from only one face would be suf-
ficient, effectively decreasing the total retrofit expenses. As the required
retrofit would be installed inside the inner loadbearing masonry wall, the
living floor space would remain unaffected. However, in an experimental
study on the behaviour of NSM CFRP strips bonded to vintage solid clay
brick masonry [13], it was observed that increasing the depth of the groove
led to under-utilisation of adhesive material and the initiation of premature
brick splitting. Therefore, Dizhur et al. [13] recommended that the groove
depth should be no greater than is required to accommodate the CFRP strip
and that at least 5 mm of adhesive cover should be provided for minimal
protection of the CFRP strip from fire, vandalism and exposure to environ-
mental elements. This under-utilization and premature-failure mechanism,
i.e. the obstruction for placing the FRP strip deeper, was linked to the me-
chanical properties of the adhesive component used for installing FRP on
masonry [22].

1.3 Importance of the adhesive

Several previously conducted research studies underline the essence of the
adhesive component for installing FRP reinforcement on masonry/concrete
substrates. Sharaky et al. [23] concluded that the properties of the adhesive
show a high influence on the bond behaviour. The response of the joint was
improved in terms of load capacity and ductility when using a more ductile
adhesive, allowing a better redistribution of stresses along the bond length.
Rizzo and De Lorenzis [24] also noted that stiffer and stronger groove-filling
epoxy led to a reduction in FRP contribution to the shear capacity. The stiffer
bond-slip behaviour caused higher peak bond stresses and faster debonding
crack formation. In these research studies it was observed that the stiffness
of the adhesive affected the bond behaviour. The needed flexibility however
was not quantified.

This quantification was done in other research studies covering Exter-
nally Bonded (EB) FRP reinforcement. Derkowski et al. [25] conducted re-
search on EB CFRP strengthening of bent Reinforced Concrete (RC) beams
using stiff and flexible adhesives. The researchers observed in the case of a
stiff adhesive that many wide cracks with high stress concentration appear,
because the sum of the CFRP local deformations was higher than in the case
of a flexible adhesive. Additionally it was observed that with a flexible ad-
hesive, cracks did not go through the ductile adhesive but were stopped in
it. Additionally, stress redistribution occurring in the adhesive layer allowed
for a more equal distribution of load to the CFRP laminate. Dai et al. [26]
performed pullout tests of FRP sheets and concrete. The researchers con-
cluded that the application of a flexible adhesive bonding system instead
of a normal adhesive bonding system increased the pullout capacity (with
a sufficient long anchorage length) and improved the ultimate capacity of
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FRP strengthened RC beams. Additionally the flexible adhesive led to equal
or better fatigue performance and contributed to a more ductile failure. The
added value of flexible adhesives for EB FRP reinforcement was also con-
firmed by Kwiecien [27] for masonry units. The tests demonstrated that the
shear stress was reduced by the adhesive flexibility in the bond layer. Flex-
ible polymers protected the brittle substrate against the locally acting peak
stress, significantly increased the ultimate load of the tested strengthening
system and expanded the CFRP end slip. The last phenomena is especially
of added value in seismic areas, as the higher slip generates a significantly
higher value of dissipated energy.

From the 733 pull-out experiments on CFRP-to-masonry bond strength
tests found in open literature, spread over 27 separate research studies
[13, 21, 28–53], only two experimental campaigns included flexible mount-
ing adhesives with a Young’s Modulus of ≤ 100 N/mm² [45,53]. All other re-
searchers used mounting adhesives with Young’s Moduli in the range 1,230-
12,840 N/mm². An overview of all Near Surface Mounted (NSM) / Ex-
ternally Bonded (EB) CFRP-to-masonry bond strength tests, obtained from
Vaculik et al. [54], is presented in Table A.1. The predominant failure mech-
anism in the 27 aforementioned research studies was substrate debonding,
leading to a general under-utilization of the added CFRP reinforcement.

No records in open literature were found for the bond behaviour of NSM
FRP strips in a flexible adhesive for both masonry and concrete substrates.
Combing the NSM technique with a flexible adhesive would be a very logical
step in this research field considering the several advantages the NSM strip
technique provides over the EB technique. Based on the findings summa-
rized in this section the implementation of a flexible adhesive could addi-
tionally make center-depth installation of FRP components possible, leading
to cost effective retrofitting efforts.

1.4 Out-of-plane retrofitting with Flexible Deep
Mounted CFRP strips

Türkmen et al. [55] conducted an extensive experimental program on the -
out-of-plane behaviour of various strengthened masonry wallettes. The stan-
dard added retrofit for all the specimens consisted of two CFRP strips, which
were installed using a flexible adhesive in separate pre-cut deep grooves un-
derneath the surface of the masonry. The CFRP strips were positioned at the
centre-depth of the wallettes. The observed deformation capacities and max-
imum withstandable loads showed that deep mounted CFRP reinforcement
using a flexible adhesive was a promising solution to improve the out-of-
plane seismic performance of clay brick masonry walls. The predominant
failure mechanism was found to be masonry crushing and debonding of the
CFRP strip. Substrate debonding, i.e. damage within the masonry mate-
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rial surrounding the embedded CFRP strips, was not observed. From these
findings the retrofitting concept using Flexible Deep Mounted (FDM) CFRP
strips was further developed. An illustration of the retrofitting process with
FDM CFRP strips is provided in Fig.1.3.

Polymer-mod.
mortar

Figure 1.3: Schematization of the reinforcement process with FDM CFRP strips.

The installation of the CFRP strip in the FDM configuration starts with
milling vertical grooves (first step in Fig.1.3) by using a portable groove cut-
ter. The dust in the groove is removed with compressed air. After cutting the
CFRP strips to a specified length, the CFRP strips are cleaned with acetone.
A layer of primer is then applied to the groove to improve the bond between
the adhesive and the masonry. After partially filling the groove with the flex-
ible adhesive (step 2 in Fig.1.3), the CFRP strip is inserted into the groove
using a positioning fork (step 3 in Fig.1.3). Excess adhesive in the grooves is
removed using a scraper (step 4 in Fig.1.3). After the placement of the strip,
the adhesive is left to cure for one day in an unheated but dry environment.
The remaining unfilled part of the groove is filled with a polymer modified
mortar (final step in Fig.1.3) after wetting the masonry surface to improve
bond. The addition of the polymer modified mortar is done with the pur-
pose of partially restoring the compressive and shear capacity in the groove
in order to prevent possible vertical shear failure.
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1.5 In-plane retrofitting with FRCM overlay

For walls subjected to critical in-plane loading, the application of solely the
FDM CFRP strips retrofit was expected to be not sufficient. The embedded
CFRP strips would have an insufficient effect on the in-plane shear strength
of the masonry [56], mainly due to the flexibility of the used adhesive. An
additional strengthening system was needed, that could be combined with
the FDM CFRP strip retrofit in order to enhance the strength and pseudo-
ductility of masonry for in-plane loading conditions. Due to the drawbacks
of externally-bonded FRP using organic resins, as was presented in section
1.2, one solution was the replacement of the organic resin with a cementi-
tious matrix, i.e. an inorganic binder [57]. Moreover, textiles (FRP meshes)
were selected over continuous fibre sheets in order to achieve mechanical
interlock between the textile and the cement-based mortar, because these in-
organic binders lack the ability to penetrate and wet individual fibres [17].
This system of cement-based mortar matrix reinforced by continuous dry-
fiber textiles is proposed for retrofitting masonry walls and it is becoming
progressively in use for both in-plane strengthening and masonry related
research [57–67]. The FRCM strengthening system is also known under
different appellations: Fabric-Reinforced Cementitious Matrix (FRCM), Tex-
tile Reinforced Mortar (TRM), Textile-Reinforced Concrete (TRC) and Fiber
Reinforced Cement (FRC) [68].

The FRCM system was selected to form a hybrid retrofit system with
the FDM CFRP strips: if a FDM CFRP strip retrofitted wall also needed in-
plane strengthening, an additional single-sided FRCM overlay was installed.
A schematic overview of the retro-fitting process with an additional FRCM
overlay is provided in Fig.1.4. It should be noted that the FRCM overlay in
Fig.1.4, that normally covers the entire face of the wall, is only partly shown.

Directly after filling the remaining part of the groove with the polymer-
modified (final step in Fig.1.3), a first layer of the polymer-modified mortar
(approximately 5 mm in thickness) is applied by hand (step 6 in Fig. 1.4).
Again, the masonry surface is wetted prior to the mortar application to im-
prove bonding conditions. After pressing the CFRP mesh into position (step
7 in Fig. 1.4), a final layer of polymer-modified mortar is applied to embed
the CFRP mesh, resulting generally in a nominal FRCM layer thickness of 10
mm (last step in Fig. 1.4). The FRCM layer needs to cure for 28 days.

1.6 Problem definition

Due to the novelty of the proposed retrofitting technique, the mechanical
properties of the system with CFRP strips embedded in the flexible adhesive
are only roughly understood. The effectiveness of any FRP retrofit system
largely depends on the ability to develop shear transfer across the FRP-to-
masonry bond [69]. No validated models are available to predict the bond
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behaviour of CFRP strips embedded with a flexible adhesive to unreinforced
clay brick masonry. This significant knowledge gap can also be extended
to the out-of-plane behaviour of FDM CFRP strip retrofitted masonry walls.
Even though extensive research has been done on both the in-plane and out-
of-plane behaviour of FRCM retrofitted masonry, the behaviour of the hybrid
retrofit with the FDM CFRP strips and single sided FRCM overlay on masonry
when subjected to either in-plane or out-of-plane loading conditions remain
unknown.

Polymer-mod.
mortar

Figure 1.4: Schematization of the (continued) reinforcement process with FRCM.

1.7 Objectives and scope

This research is a part of a collaborative project between Eindhoven Univer-
sity of Technology, Royal Oosterhof Holman, SealteQ and QuakeShield to
develop an innovative, minimally invasive and cost effective retrofit system
suitable for unreinforced clay brick masonry buildings with a high seismic-
vulnerability. The objective of this PhD study is to propose well founded
and validated calculation guidelines to be used for the seismic upgrading
of earthquake-prone masonry buildings, involving Flexible Deep Mounted
(FDM) Carbon Fibre Reinforced Polymer (CFRP) strip retrofitting, option-
ally combined with a Fabric Reinforced Cementitious Matrix (FRCM) over-
lay. The scope of this research is limited to clay brick walls and one-way
out-of-plane loading. The primary objectives of this thesis are formulated as
follows:
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1. Introduction

1. To define and model the bond behaviour between CFRP strips and
masonry when the flexible adhesive is used;

2. To define and model the out-of-plane behaviour of FDM CFRP strip
retrofitted masonry walls, either with or without a single-sided FRCM
overlay; and

3. To define and model the in-plane behaviour of FDM CFRP strip retrofitted
masonry walls with a single-sided FRCM overlay.

1.8 Methodology

The conceptual framework that was used through this research is given in
Fig. 1.5. Firstly, the relevant retrofitting and building materials were char-
acterized through an extensive experimental campaign at material-level fol-
lowing various standards, as the relevant properties would be used through-
out the entire doctoral study. This campaign not only included the standalone
materials such as bricks, mortar, flexible adhesive, CFRP strip, polymer-
modified mortar and CFRP mesh, but also covered the composite materi-
als masonry and FRCM overlay. The FRCM was characterized through an
extensive, component-level experimental program, following the relevant
standards for the evaluation and characterization of FRCM systems [70,71].

As no records could be found in open literature regarding the bond
behaviour of CFRP strips bonded with a flexible adhesive to masonry un-
derneath the surface, this research started with an extensive experimental
campaign in order to gain more insight on this bond behaviour. The most
common experimental technique for studying the bond, being the shear pull-
test, was used to construct generalized bond laws for modelling purposes
and to gain insights into the governing failure mechanisms.

Using the generalized bond laws, an engineering model for the calcu-
lation of FDM CFRP strip retrofitted masonry walls was developed. This
engineering model was in turn improved and validated through an out-of-
plane experimental campaign on full-scale retrofitted FDM CFRP strip ma-
sonry walls. Material models were proposed and validated by cross-section
analyses of the wall specimens from both the small-scale and full-scale out-
of-plane experimental campaigns.

The in-plane performance of full-scale masonry walls retrofitted with
both FDM CFRP strips and a single sided FRCM overlay was obtained using
existing loading protocols for determining the seismic performance char-
acteristics of structural and nonstructural components [72]. Additionally,
the shear strength of the strengthened masonry elements was obtained fol-
lowing a broadly applied testing procedure [73]. Analytical models were
proposed and compared with Eurocode 8 [5] design provisions.

The findings of this research were put into practice by sharing the out-
comes on a continuous base. The developed engineering models were val-
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idated and the proposed experimental campaigns were discussed with con-
sultants, the former Centrum Veilig Wonen (CVW) and Dutch engineering
firms involved in the Groningen retrofitting project. CVW was the Dutch
advisory and executive organization for inspecting and repairing damage
caused by the induced earthquakes.

The engineering models that have been developed to predict both the
out-of-plane (stand-alone FDM CFRP strips retrofit; combined FDM CFRP
strips + FRCM retrofit) and in-plane (combined FDM CFRP strips + FRCM
retrofit) behaviour of retrofitted masonry walls have been applied in various
seismic retrofitting processes throughout the course of this doctoral research.

Figure 1.5: Theoretical framework.
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1.9 Thesis outline

This thesis consists of 8 chapters. Each chapter, which consists of an in-
troduction, the main content and a summary of the main conclusions, can
be read separately. In the current chapter, the context of the flexible deep
mounted (FDM) CFRP retrofitting technique is discussed (optionally in com-
bination with the single-sided FRCM overlay), along with the system expla-
nation, problem definition, research objectives and corresponding method-
ology of the doctoral research.

Chapter 2 presents an overview of the characteristics of the several (com-
posite) materials used in this research for building and retrofitting the vari-
ous test specimens. Chapter 2 is partially based on [74].

The following four chapters cover the proposed (hybrid) retrofitting tech-
nique. Whereas Chapters 3 and 4 only cover the FDM CFRP strip retrofit
configuration, Chapters 5 and 6 cover the hybrid retrofit configuration with
an additional single-sided FRCM overlay.

Chapter 3 covers the extensive experimental program on the bond be-
haviour of FDM CFRP strips. The proposed model is validated with the ex-
perimental findings. Finally, a comparison is made with the bond-behaviour
of stiff adhesive systems. Chapter 3 is based on [75,76]

Chapter 4 discusses the out-of-plane (OOP) behaviour of vertically span-
ning masonry walls retrofitted with FDM CFRP strips. The experimental
program on (retrofitted) full-scale masonry walls is presented and the results
are discussed. Two modelling approaches are discussed in detail and com-
pared with the experimental findings. Finally, the out-of-plane behaviour of
CFRP retrofitted masonry walls is compared for both the stiff and the flexible
adhesive system. Chapter 4 is based on [77].

Chapter 5 outlines the OOP behaviour of masonry walls retrofitted with
FDM CFRP strips and a single-sided FRCM overlay. The chapter starts with a
discussion of the experimental campaign on the OOP behaviour of masonry
panels retrofitted with solely a single sided FRCM overlay. The discussion of
a second experimental campaign focuses on the OOP behaviour of full-scale
masonry walls retrofitted with both CFRP strips and a single-sided FRCM
overlay. The proposed modelling approach is validated for both experimen-
tal campaigns. Chapter 5 is based on [74,78].

Chapter 6 offers insight into the in-plane (shear) behaviour of FDM CFRP
strip and single sided FRCM overlay retrofitted masonry. Two different ex-
perimental campaigns are presented and the results are discussed. An exist-
ing analytical model as well as various design provisions are compared to the
found failure mechanisms and failure loads. Chapter 6 is based on [79,80].

Chapter 7 presents various FDM CFRP retrofit case studies in the Dutch
province of Groningen carried out during the course of this doctoral re-
search. Furthermore, preliminary finite strategies for the modelling of the
bond-slip and pull-out behaviour of FDM CFRP strips are provided. The chal-
lenges and opportunities of the proposed novel retrofitting technique are il-
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1.9 Thesis outline

lustrated. Moreover, the simplified analysis procedures are presented, used
to estimate the force-displacement response of vertically spanning (strength-
ened) masonry walls subjected to out-of-plane loading, which is required for
the he implementation of the FDM CFRP strip retrofit system into structural
engineering practice. Finally, the dynamic out-of-plane response of FDM
CFRP strip retrofitted and vertically spanning masonry walls for different
scenarios was determined by performing a series of Nonlinear Time History
(NLTH) analyses on single degree of freedom (SDOF) systems.

Chapter 8 provides conclusions, recommendations and an outlook to the
future of FDM CFRP retrofitting.
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Chapter 2
Material characterization

In this chapter the relevant retrofitting and building materials used through
this research are characterized through an extensive material-level experi-
mental campaign following various standards. Chapter 2 is partially based
on [74].

2.1 Masonry

The mechanical properties of the constituent materials of the masonry are
summarized in Table 2.1. The test methods used to obtain these values are
discussed in the following paragraphs.

2.1.1 Bricks

The tunnel kiln fired, soft mud molded clay bricks used in this research
had dimensions of 205(±4)×95(±2)×50(±2) mm3 (lb ×wb ×hb). Mechanical
characteristics of the clay bricks were determined according to the relevant
standards. The bricks had a mean compressive strength of 31.7 N/mm2,
determined in accordance with EN 772-1 [83]. The mean splitting tensile
strength (3.3 N/mm2) and mean flexural tensile strength (5.89 N/mm2) of
the bricks were obtained following ASTM C1006-07 [82] and ASTM C67-
03 [81] respectively.

2.1.2 Mortar

A ready to use factory-made dry mortar mix with strength class M15 was
used for the experimental campaigns presented in Chapters 3 and 6 and
section 5.1. The mean flexural tensile strength and the mean compressive
strength of the M15 mortar specimens were 3.6 N/mm2 and 10.6 N/mm2

respectively, both determined according to EN 1015-11 [84].
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Table 2.1: Mechanical properties of the masonry materials used.
(Number of tested specimens; Coefficient of Variation)

Parameter Symbol Unit Clay brick Building mortar Masonry
Mass density ρ kg/m3 1738 1745 -

(12; 3.6%) (8; 1.9%)
Young’s Modulus E N/mm2 - - 3,100(e)(2)

3,373(e)(1)

(6; 10.6%)
Flexural strength f f l N/mm2 5.89(a) 3.6(d)(2) 0.38( f )(2)

(9; 7.4%) (8; 16.5%) (4; 22.9%)
2.4(d)(1)

(3)
Splitting strength fst N/mm2 3.34(b) - -

(12; 8.7%)
Compressive strength fc N/mm2 31.7(c) 10.6(d)(2) 14.8(2)

(12; 7.4%) (16; 20.7%)
9.3(d)(1) 8.0(1)

(6; 3.2%) (6; 3.4%)
Initial shear strength fv,0 N/mm2 - - 0.38 (g )(I )(2)

Coefficient of friction µma - - - 0.75 (g )(I )(2)

Residual shear strength fv0,r es N/mm2 - - 0.02 (g )(I I )(2)

Residual coefficient of friction µma,r es - - - 0.81 (g )(I I )(2)

(I) Obtained with linear regression (R2 = 0.77); (II) Obtained with linear regression (R2 = 0.96).
(1) Applicable to chapter 4 and section 5.2; (2) Applicable to chapters 3 and 6 and section 5.1.
(a) ASTM C67-03 [81]; (b) ASTM C1006-07 [82]; (c) EN 772-1 [83]; (d) EN 1015-11 [84];
(e) EN 1052-1 [85]; (f) EN 1052-2 [86]; (g) EN 1052-3 [87]

M10 masonry mortar, also a ready to use factory-made dry mortar mix,
was used for the experimental campaigns presented in Chapter 4 and section
5.2. The mean flexural tensile strength and the mean compressive strength
of the M10 mortar specimens were 2.4 N/mm2 and 9.3 N/mm2 respectively.
For both the M10 and M15 test batches, the moulds used to prepare the mor-
tar specimens were not placed in a humidity chamber, nor sealed polyethy-
lene bags were used, as suggested by EN 1015-11 [84].

2.1.3 Compression

Compression tests were performed on masonry specimens consisting of 6
brick high ( 360 mm) stack bonded masonry prisms with an average mortar
joint thickness of 12.5 mm. The tests were conducted under displacement
control with a loading speed of 0.20 mm/min.

The mean compressive strength of the masonry built using the M15 and
M10 mortar was 14.8 N/mm2 and 8.0 N/mm2 respectively. Softboard was
used as capping material during the compression experiments for fast prepa-
ration. It should be noted that “soft capping” materials such as fiberboard
reduce the observed compressive strength of masonry units [88] where Mau-
renbrecher [89] quantified this decrease with 4% compared to dental plas-
ter capping. This reduction is caused by the lateral deformation of the non-
confined fiberboard, imparting lateral forces on the specimen and effectively
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lowering the measured compressive strength. It should be noted that the in-
fluence of the head joints on the compression behaviour is not taken into
accounts when using bond stacked prisms for compression tests. Tham-
boo and Dhanasekarm [90] reported that bond stacked prism tests (6 layers
high) consistently provide higher compressive strength (25%) than that of
the corresponding wallettes specimens (6 layers high, 2 bricks in width with
running bond).

The Young’s modulus was determined as a secant modulus at 33% of the
compressive strength in accordance with EN 1052-1 [85]. The mean Young’s
modulus of the masonry prims built with M15 mortar and M10 mortar was
3,100 N/mm2 and 3,373 N/mm2 respectively. The mean axial strain at peak
stress was found to be 0.52% and 0.43% for the masonry specimens built
with M15 and M10 mortar respectively. The axial stress-strain diagrams in
compression for both masonry types is shown in Fig. 2.1a.

Figure 2.1: Uniaxial stress-strain relation of masonry in compression: (a) M15 mor-
tar; (b) M10 mortar, where the maximum stress and corresponding strain
are marked with an x.

2.1.4 Shear

In order to determine the mechanical properties of the M15 masonry in shear
in accordance with EN 1052-3 [87], a total of 9 triplet shear tests was per-
formed at three different normal stress levels: 0.2, 0.6 and 1.0 N/mm2. For
each group of specimens the ratio between the applied normal stress and
the corresponding shear strength was established using linear regression.
The parameters for the Coulomb’s friction criterion follow from Eq. 2.1,
with fv,0, µma and σn being the initial shear strength, friction coefficient and
normal stress respectively. The residual shear strength ( fv0,r es ) and residual
coefficient of friction (µma,r es ) were determined by applying the same linear
regression analysis when a plateau was reached in the post-peak phase.

fv = fv,0 +µmaσn (2.1)
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The obtained values regarding the mechanical properties of the masonry
in shear were compared with the results of an experimental study on the
material properties characterization of Dutch URM [91] and the values pro-
posed in the Dutch Practical Guideline for the seismic assessment of local
buildings in Groningen [92]. From the comparison it was concluded that
the shear properties of masonry used in this study showed an acceptable
agreement with the other reported shear properties.

2.2 Stand-alone retrofit components

The mechanical properties of the materials used for reinforcement are sum-
marized in Table 2.2. The test methods used to obtain these values are
discussed in the following paragraphs.

Table 2.2: Mechanical properties of the reinforcement materials used.

Parameter Unit Flexible CFRP Polymer-modified CFRP
adhesive strip mortar mesh

Mass density kg/m3 1,550 1,700 2,138 (6; 1.7%) 1,790
Young’s Modulus N/mm2 16.0(a) 215,000(d) 25,000 230

(5; 1.0%)
33.9(b)

Tensile strength N/mm2 4.3(a) 2,876(d) - 1,700
(5; 3.4%)

5.5(b)

Flexural strength N/mm2 - - 7.58(e) -
(9; 11.7%)

Ultimate strain % 72.2(b) 1.59(d) - -
(5; 14.7%)

88.6(b)

Shear modulus N/mm2 20.2(c) - - -
Shear strength N/mm2 5.4(c) - - -
Ultimate shear strain % 125.5(c) - - -
Poisson ratio - 0.48 - - -
Compressive strength N/mm2 - - 62.55(e) -

(12; 1.6%)
(a) ISO 527-1 ε̇= 0.46%/s; (b) ISO 527-1 ε̇= 10.33%/s (c) ISO 11003-2;
(d) ISO 527-1 ε̇= 0.45%/mi n; (e) EN 1015-11

2.2.1 CFRP strip

The prefabricated (pultruded) carbon fibre reinforced polymer (CFRP) strip
was 20 mm in width and 1.4 mm in thickness, with a fibre volume content
>68%. The Young’s modulus, tensile strength and elongation at rupture of
the CFRP strip as provided by the supplier were 215 kN/mm2, 2,876 N/mm2

and 1.59% respectively.

20



2.2 Stand-alone retrofit components

2.2.2 Flexible adhesive

The material properties of the flexible adhesive were provided by the sup-
plier. The mechanical properties in tension (mode I loading) were obtained
following ISO 527-1 [93] using three specimens at a loading rate of 10
mm/min (mean strain rate 0.46%/s). The Young’s modulus was determined
as the secant modulus between 0.5% and 5% of the tensile strength, and
was found to be 16.0 N/mm2. The tensile strength and elongation at rup-
ture were determined as 4.3 N/mm2 and 72.1%, respectively. With a loading
rate of 200 mm/min (mean strain rate 10.33 %/s), the values for the Young’s
modulus, tensile strength and elongation at rupture were determined to be
33.9 N/mm2, 5.5 N/mm2 and 88.6% respectively. The significant increase in
these values, especially for the Young’s modulus, shows that strain-rate de-
pendency plays an important role in the mechanical behaviour of the visco-
elasto-plastic adhesive. The stress-strain relations of the flexible adhesive
are provided in Fig. 2.2.

Figure 2.2: Tensile stress-strain relations (Mode I) of the visco-elasto-plastic ad-
hesive, obtained for two loading rates: ε̇ = 0.46%/s (grey lines) and
ε̇= 10.33%/s (black lines).

The material properties for the flexible adhesive in shear (mode II load-
ing) were quantified using thick adherend shear tests (TAST), partly fol-
lowing ISO 11003-2:1999 (1993). Aluminum substrates were used, with
dimensions of 70 mm x 25 mm x 12 mm, as illustrated in Fig. 2.3. The
nominal bondline thickness was 1.75 mm. The test was performed with a
constant crosshead rate of 10 mm/min. The shear stress-strain curves are
shown in Fig. 2.4. The shear modulus, shear strength and ultimate shear
strain were found to be 20.2 N/mm2, 5.4 N/mm2 and 125.5 % respectively.
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Figure 2.3: Aluminum substrates used for thick adherend shear test (TAST).

Figure 2.4: Shear stress-strain relations of the visco-elasto-plastic adhesive.

Durability

Adhesive strength is affected by many common environments, including
temperature, moisture, chemical fluids, and outdoor weathering [94]. Water
can permeate the adhesive and displace the adhesive at the bond interface.
This mechanism is the most common cause of adhesive-strength reduction
in moist environments [94]. Primers and surface treatments tend to hinder
adhesive strength degradation in moist environments [95]. A fluid primer
that easily wets the interface presumably tends to fill in minor discontinuities
on the surface [94]. The flexible adhesive supplier reported limited water-
uptake when immersed directly into water, and expected limited effects to
the adhesive being present inside the wall. Moreover, while the CFRP strips
are installed on the load-bearing inner leaf of the cavity wall, significant
water permeation is not present.

The service temperature window of the flexible adhesive as reported by
supplier was -40◦C to +30◦C. The maximum internal air temperature for a
cavity brick construction was reported at 29.7◦C by Sugo, Page and Mogh-
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taderi [96], during heat wave conditions in Newcastle (Australia) with a
maximum recorded air temperature of 43◦C. The cavity brick construction
consisted of two 110 mm thick masonry skins separated by a 28 mm air cav-
ity (no insulation), similar to the historic building typologies in Groningen.

2.2.3 Polymer-modified mortar

The mortar used for the fabric reinforced cementitious matrix (FRCM) over-
lay was a polymer-modified mortar containing organic binders, polymer fi-
bres and selected aggregates with a maximum grain size of 1.8 mm. The
selected mortar is generally used in renovation and strengthening of exist-
ing buildings, underground structures and tunnels. For the preparation of
the polymer-modified mortar, a plastic bonding agent was used in order to
improve the adhesion to the masonry, by mixing 110 g of the plastic bond-
ing agent per 10 kg of prepared mortar. The polymer-modified mortar was
prepared following the manufacturer’s instructions by adding 2.6 L of water
to a bag of 25 kg dry mortar. Both the flexural tensile strength and the com-
pressive strength of the mortar specimens were determined according to EN
1015-11 [84]. The mean flexural tensile strength of the mortar specimens
was 7.58 N/mm2. The compressive strength of the mortar was 62.6 N/mm2.
The weight density was 2,138 kg/m3 .

2.2.4 CFRP mesh

The orthogonal CFRP mesh with about 3 mm width per thread and a fibre
weight density of 1,790 kg/m3, had a square aperture dimension of approx-
imately 20 x 20 mm2. The theoretical cross sectional area of the CFRP mesh
for design was 44 mm2/m. The Young’s modulus and roving strength for
the CFRP mesh were reported as 230 kN/mm2 and 1,700 N/mm2 respec-
tively [97]. The theoretical tensile strength of CFRP mesh (50 continuous
strands) is 74.8 kN/m.

Figure 2.5: Dry polymer-modified mor-
tar used for FRCM overlay.

Figure 2.6: Orthogonal CFRP mesh.
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2.3 Fabric Reinforced Cementitious Matrix

This section provides an overview on the mechanical characterization of the
proposed CFRP FRCM composite system by means of double shear bond of
tensile experiments.

2.3.1 Bond behaviour with masonry

In order to investigate the bond between the Fabric Reinforced Cementitious
Matrix (FRCM) system and masonry substrate, double shear bond (DSB)
tests were conducted, where the bond length between the FRCM layer and
the masonry was varied. The double shear bond tests were performed fol-
lowing the guidelines provided by RILEM TC 250-CSM [70].

Preparing the test specimens

A total of n=25 small clay brick masonry prisms, consisting of 5 stacked
bricks, were built by an experienced mason. The masonry specimens were
constructed against a vertical sideboard to ensure minimum horizontal devi-
ation and were left to cure for 28 days in the unheated laboratory (10-25°C)
before applying the FRCM layer. On both sides of the DSB specimens a
stroke of polymer-modified mortar was applied. The stroke length (lF RC M )
was 55, 100, 150, 200 or 250 mm, and the stroke width was kept constant at
60 mm. Each configuration was applied on three DSB specimens. In order
to prevent stress concentrations at the edge, the polymer-modified mortar
stroke had a distance of 30 mm from the top of the wallette. The first layer
of polymer-modified mortar had a thickness of approximately 5 mm. CFRP
mesh strokes, consisting of 3 continuous CFRP strands in the longitudinal
direction, were cut to a length equal to approximately the sum of two times
the stroke length and an additional 800 mm. Both ends of the CFRP mesh
were then applied on the mortar surface on both sides, and were pressed into
the polymer-modified mortar. After placing the CFRP mesh, a new thin layer
of polymer-modified mortar was applied to embed the CFRP mesh, resulting
in a nominal FRCM layer thickness of 10 mm. After wrapping the specimens
in damp proof membrane sheets, the wallettes were cured at laboratory am-
bient conditions at a temperature of 20°C for 28 days. A schematic overview
of the DSB specimen is shown in Fig. 2.7.

Double shear bond test setup

The DSB tests were conducted on an Instron universal testing machine. The
process started by carefully positioning the specimen under the loading grips
of the setup, with the specimen resting on the machine‘s basement. Soft-
board was put on the top and bottom of the prism to prevent stress con-
centrations due to the non-flat surface of the brick. Subsequently, a 20 mm
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Figure 2.7: Double shear bond (DSB) specimen.

thick steel restraint plate was placed on top of the prism. Using threaded
rods, the steel restraint plate was bolted tightly to the base of the installa-
tion. The CFRP mesh was placed around a wooden wheel with a 105 mm
diameter, equal to the thickness of the wall and one FRCM layer. In order
to reduce eccentricity, a hinge was used to mount the wooden wheel to the
loading grips of the machine. After setting the pre-tension force in the mesh
to 0.1 kN, the experiment started at a displacement controlled pull-out speed
of 0.5 mm/min. Slip of the mesh was reported as the distance covered by
the loading grips (δmachi ne ). A schematic overview and photo of the test
setup is shown in Fig. 2.8.

Figure 2.8: Double lap shear test setup: schematic overview (left) and photo (right).
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Results

The overall results of the double lap shear tests are shown in Fig. 2.9a. The
peak stress (σmesh,u) in the strands of the CFRP mesh was determined by
dividing the peak load by the cross-section area of the three strands of the
CFRP mesh (2.64 mm²). The failure mechanism for all the specimens was
slippage of the CFRP mesh. In order to filter out start-up effects, such as
settling of the CFRP mesh, the stress-displacement relation below σmesh =
200 N/mm² was replaced by a linear extrapolation using the slope in the
range σmesh = [200-250] N/mm² in the load-displacement graph. It should
be noted that the linear extrapolation was solely done with the purpose of
making the data in Fig. 2.9a more presentable.

The mean peak stress per FRCM stroke length was found to be σmesh,u =
368, 472, 871, 955 and 1,339 N/mm² for lF RC M = 55, 100, 150, 200, 250
mm respectively. The peak stress per FRCM stroke length is provided in Fig.
2.9b. A strong linear correlation (R2 = 0.93) was found between the bond
length and peak stress in the mesh. The peak stress in the mesh was found
to be approximately 500 N/mm² per 100 mm bond length. Based on these
findings and the roving strength of the mesh of 1,700 N/mm², the mesh will
rupture with an anchorage length ≥ 340 mm.

The residual stress σmesh,r es represents the plateau caused by friction at
the end of the test. Fig. 2.9b also provides the residual stress as a function of
the FRCM stroke length. The mean residual stress per FRCM stroke length
was found to be σmesh,r es 130, 175, 317, 372 and 453 N/mm² for lF RC M =
55, 100, 150, 200, 250 mm respectively.

Figure 2.9: Results from double shear bond tests: σmesh versus δmachi ne (a);
σmesh,max and σmesh,r es versus lF RC M (b).
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2.3.2 Tensile behaviour

In order to characterize the tensile behaviour between the CFRP mesh and
the polymer-modified mortar, tensile tests were performed using clevis type
grips, following Annex A of AC434.13 [71].

Preparing the test specimens

Prior to preparing the tensile test specimens, two moulds were built with
an inner length and width of 600 and 400 mm respectively. The height of
the moulds was 10 mm (mould 1) and 15 mm (mould 2). The inside of the
moulds were covered with a non-stick (bond free) layer. The first layer of
polymer-modified mortar was applied to the flat surface with a trowel with
an overall mortar thickness of 5 mm and 7-8 mm for mould 1 and mould
2 respectively. After applying the CFRP mesh on the mortar surface, the re-
maining part of polymer-modified mortar was applied up to the top surface
of the mould. Finally, the mould was placed on a vibrating table for com-
paction of the prepared FRCM panels. After wrapping the boxes in damp
proof membrane sheets, the panels were cured at laboratory ambient con-
ditions at a temperature of 20°C for 28 days. The FRCM panels were cut in
prismatic coupons with 400 mm length and width (wc ) of approximately 60
mm, using a water cooled circular saw. The cuts were positioned in such a
way that the coupons had 3 continuous CFRP strands centered in the length
direction. Steel tabs, 3 mm thick and with the same width as the coupons,
were attached at the ends of the FRCM coupons over a contact length of 150
mm with a fast-curing two component epoxy and were cured for at least 24
hours. With this type of configuration, the tensile load is transferred from
the testing machine to the specimen only through adhesive shear tensions,
without applying normal forces to the specimen ends by clamping grips [98].
Further, a tab contact length of 150 mm was reported as the most suitable
length, able to fully characterize the behaviour of all the tested FRCM spec-
imens. A schematic overview of the FRCM coupon is presented in Figure
5. The coupons for the tensile tests are denoted as TT-10 and TT-15 for the
10 mm and 15 mm thick (tc ) specimens respectively. From each group 6
specimens were made.

Tensile test setup

Using a clevis-type gripping mechanism, following AC434.13 [71], the steel
tabbed FRCM coupons were installed in an Instron universal testing ma-
chine. The deformation was measured with two LVDT sensors on each side,
covering a length of 60 mm. After resetting the sensors and setting the
pre-tension force in the coupon to 0.1 kN, the experiment started at a dis-
placement controlled loading speed of 0.3 mm/min. A schematic overview
and a photo of the test setup are shown in Fig. 2.11.
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Figure 2.10: FRCM coupon for tensile test purposes.

Figure 2.11: Tensile coupon test FRCM: schematic overview (left) and photo (right).

Results

The results of the tensile tests on the FRCM coupons are summarized in Table
2.3. The load versus machine displacement diagram is shown in Fig. 2.13a
and Fig. 2.14a for the TT-10 (n=5) and TT-15 (n=4) specimens respectively.
The behaviour of the tensile coupon specimens during the tensile loading
process can be divided in three stages:

• Stage I - uncracked: The cementitious matrix layer cracks when the
tensile stress limit of the polymer-modified mortar is exceeded.
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• Stage II – crack formation: Crack formation (Fig. 2.12) causes a soft-
ening behaviour in the cementitious matrix layer. As cracking pro-
gresses, the mortar matrix loses its stiffness at a relatively high rate.
However, this softening behaviour is counteracted by the embedded
CFRP mesh.

• Stage III – stabilized cracking: At this stage no further cracking occurs
until the failure load. The predominant failure mode was slippage of
the CFRP mesh within the specimen (Fig. 2.12).

Table 2.3: Results of tensile tests (stages I and II) on the FRCM coupons.

wc tc fC M ,I εC M EC M fC M ,I I εmesh,em fmesh,em,u Emesh,em

mm mm N/mm² % kN/mm² N/mm² % N/mm² kN/mm²
TT-10-1 57.7 9.8 4.72 0.016 30.2 3.77 1.66 1761 78.06
TT-10-2 57.6 9.9 4.13 - - - 1.71 1392 75.22
TT-10-3 58.0 10.3 4.99 0.018 27.9 5.25 - 1571 -
TT-10-4 58.2 10.4 5.24 0.019 28.2 4.50 - 1564 -
TT-10-5 58.0 10.4 3.65 0.013 28.5 2.92 1.74 1891 86.90
Mean 58.0 10.2 4.55 0.016 28.71 4.11 1.70 1636 80.06
COV 0.3% 2.3% 12.8% 14.0% 3.2% 21.1% 1.9% 10.6% 6.2%
TT-15-1 54.7 14.0 3.87 0.014 28.5 3.83 1.61 1518 71.14
TT-15-2 57.5 13.7 3.60 0.018 20.0 - 2.67 1884 55.96
TT-15-3 58.1 13.6 4.99 0.018 28.2 - - 1496 -
TT-15-4 55.2 13.4 3.56 0.013 26.7 4.39 2.08 1572 58.26
Mean 56.4 13.7 4.00 0.015 25.07 4.11 2.12 1617 61.79
COV 2.2% 0.9% 14.5% 14.4% 14.3% - 20.5% 9.7% 10.8%

Figure 2.12: Damage on a FRCM coupon specimen during the tensile test: Crack
formation (left) CFRP mesh slippage (right).
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2. Material characterization

The results related to stage I (uncracked) of the TT-10 and TT-15 spec-
imens are shown in Fig. 2.13b and 2.14b respectively. The mean tensile
strength ( fC M ), Young’s modulus (EC M ) and cracking strain (εC M ) for the
(uncracked) TT-10 specimens were found to be 4.55 N/mm2, 28.71 kN/mm2

and 0.016% respectively. The Young’s modulus of the uncracked specimen,
was determined in accordance with Eq. 2.2. With a mean tensile strength,
Young’s modulus and cracking strain for the (uncracked) TT-15 specimens of
4.0 N/mm2, 25.07 kN/mm2 and 0.015% respectively, no significant differ-
ences were found with the results of the TT-10 specimens.

EC M = fC M ,I

εC M
(2.2)

Figure 2.13: Results of the tensile tests for the TT-10 specimens: force-machine dis-
placement (a), stress-strain diagrams of stage I (b) and stage III (c).

Figure 2.14: Results of the tensile tests for the TT-15 specimens: force-machine dis-
placement (a), stress-strain diagrams of stage I (b) and stage III (c).
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2.3 Fabric Reinforced Cementitious Matrix

During the second stage (crack formation), the second crack occurred at
a mean load (σC M ,I I ) of 4.11 N/mm2 for both the TT-10 and TT-15 speci-
mens, which was similar to the load needed to initiate the first crack. The
overall mean tensile strength of the cementitious matrix was found to be
4.23 N/mm2.

The results related to stage III (stabilized cracking) of the TT-10 and TT-
15 specimens are shown Fig. 2.13c and 2.14c respectively. The mean failure
load ( fmesh,em,u) and ultimate strain (εmesh,em,u) were 1636 N/mm2 and 1.7%
respectively. The failure load in the CFRP mesh was determined by dividing
the peak load by the cross-sectional area of the CFRP mesh of 2.64 mm². The
mean Young’s modulus was found to be 80.1 kN/mm². As indicated in the
AC434.13 [71], the modulus of the cracked specimens (Emesh,em), caused by
the slipping of the CFRP mesh, was calculated as the slope of the segment of
the response curve between the points 0.6 fmesh,em,u and 0.9 fmesh,em,u , indi-
cated with triangles in Fig. 2.13c. Similar values were found for the failure
of the TT-15 specimens, with 1617 N/mm2 (Table 2.3, Fig. 2.14c). The ul-
timate strain (2.12%) and Young’s modulus (61.79 kN/mm2) showed some
deviation with the TT-10 specimens. This discrepancy can be attributed to
the difference in strengthening ratio.

It should be noted that in order to obtain the modulus of the cracked
specimen, the cracks in the specimen need to form in the area measured by
the LVDT’s. If the cracks occurred outside the measuring area, as was the
case for TT-10-3, TT-10-4 and TT-15-3 specimens, the slip of the CFRP mesh
could not be measured.

2.3.3 Durability

At the time of writing this thesis, limited studies were available in litera-
ture regarding the long-term behaviour of FRCM composites with respect
to different environmental conditions [99]. Arboleda, Babaeidarabad, Hays
and Nanni [100] studied the durability characteristics of the carbon fibre
FRCM composite system. Environmental stresses such as frost and chemi-
cal attack were addressed with exposure environments such as freeze/thaw
cycles, high temperature water vapor and immersion in seawater. The au-
thors concluded that no significant loss of residual tensile strength and bond
strength were observed under the aforementioned conditions. The results
gathered by Al-Lami, D’antino and Colombi [99] showed that the exposure
of the FRCM to some harsh environmental conditions may lead to the forma-
tion of microcracks, which in turn affect the cracking strength and stiffness
of the composite. The carbon fibre itself was reported to have enhanced
durability [101,102].
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Chapter 3
Flexible deep mounted CFRP
strips: bond-slip behaviour

Due to the novelty of the proposed retrofitting technique with flexible deep
mounted (FDM) CFRP strips, the mechanical properties of the CFRP strips
embedded in the flexible adhesive are only roughly understood. The effec-
tiveness of any FRP retrofit system largely depends on the ability to develop
shear transfer across the FRP-to-masonry bond [69]. As no records could
be found in open literature regarding the bond behaviour of CFRP strips
bonded with a flexible adhesive to masonry underneath the surface, an ex-
tensive experimental campaign was essential in order to gain more insight
on this bond-behaviour. In this chapter, the experimental program on the
bond behaviour of FDM CFRP strips is presented and the results are dis-
cussed. The proposed model is validated with the experimental findings.
Finally, a comparison is made with the bond-behaviour of stiff adhesive sys-
tems. The content of this chapter is primarily based on [75,76].

3.1 Extraction of bond-slip behaviour

The most common experimental technique for studying the bond, the shear
pull-test (or simply “pull-out test”), was used to construct generalized bond
laws for modelling purposes and to gain more insights on the governing fail-
ure mechanisms. Despite the substantial pull-out testing undertaken to date,
no standardised guidelines for performing pull-out tests exist. The pull-out
test involves adhesively bonding the FRP plate/strip to the masonry and ap-
plying an increasing slip until the CFRP plate/strip eventually debonds [69],
all while restraining the masonry. The pull-out test is shown diagrammat-
ically in Fig. 3.1 for masonry with a single flexible deep mounted (FDM)
CFRP strip.
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

Polymer-mod. mortar

Figure 3.1: Diagrammatic representation of the pull-out test.

Pull-out tests can provide insight into the local behaviour of the bond
between the CFRP strip and the flexible adhesive under shear deformation,
which is typically characterised in terms of a bond-slip (τ−δ) model relat-
ing shear stress to slip. In order to establish the bond versus slip behaviour
using the experimentally determined strain profile of the CFRP strip over
the embedded length, a one-dimensional partial-interaction (PI) model was
used as illustrated in Fig. 3.2. It should be noted that due to symmetry of
the pull-out test diagram, only half of the cross-section A-A (as illustrated in
Fig. 3.1) is depicted. As the masonry is assumed as a homogeneous mate-
rial for this model, the clay bricks and mortar were not included separately.
The influence of the polymer-modified mortar and the bonded areas perpen-
dicular to the CFRP strip thickness direction were neglected. Additionally,
only the shear component was included in the partial-interaction model. It
was assumed that no significant equivalent tensile stresses would develop at
the interface between CFRP strip and adhesive with the considered loading
scheme. It should be noted that when a one-way spanning retrofitted wall is
subjected to out-of-plane loading, equivalent tensile stresses at the interface
between the CFRP and the adhesive can conceivably develop.

The specimen was modeled using elements with small length ∆x. For
each element the decrease in tensile force in the CFRP strip was approxi-
mated using the constructed polynomial and Eq. 3.1, where εp,i is the strain
of the CFRP strip at position i and Ep is the Young’s modulus of the CFRP
strip.

∆Fi = (εp,i −εp,i−1) ·Ep ·bp · tp (3.1)
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3.1 Extraction of bond-slip behaviour

Figure 3.2: One-dimensional partial- interaction (PI) model.

The decrease in tensile force is in equilibrium with the sum of the bond
stress over the length ∆x and perimeter of the element, as provided in Eq.
3.2

∆Fi = τi ·∆x · (2bp +2tp ) (3.2)

Combining Eqs. 3.1 and 3.2, and making the assumption that the CFRP
thickness is negligible compared to the width (bp + tp ≈ bp ), the bond stress
for element i was obtained using Eq. 3.3

τi =
(εp,i −εp,i−1) ·Ep · tp

2 ·∆x
(3.3)

The pull-out load can be obtained by summing the local bond stresses
over the length and multiplying with the CFRP strip width, taking into ac-
count both bonded area’s of the CFRP strip.

F = 2bp

L∑
i=1

τi (3.4)

Contrary to previous experimental campaigns [13, 40], the calculation
of the loaded end slip was based on the assumption that the axial strain
in the masonry and the slip at the unloaded end could not be neglected.
Because of the significantly higher embedment length used in this research,
the influence of the axial strain of the masonry was taken into account. The
tensile force in the strip is in equilibrium with the compression force in the
masonry. When a uniform compression stress over the complete cross section
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

of the specimen was assumed, the axial stress in the masonry at position i
was obtained following Eq. 3.5

σm,i =
i∑

k=1

∆Fk

Am
(3.5)

The axial deformation of the composite masonry for element i was deter-
mined using Eq. 3.6, whereas the mean axial deformation of the CFRP strip
for element i, using the constructed quadratic polynomial, was determined
using Eq. 3.7

∆m,i =
σm,i

Em
∆x (3.6)

∆p,i = 1

2
(εp,i +εp,i−1)∆x (3.7)

Within this research, the CFRP slip was defined as the displacement of
the CFRP strip relative to a fixed point in the intial state of the masonry.
For each element in the CFRP strip, the corresponding slip was the sum of
the free end slip, the summation of the CFRP deformation between the free
end and the considered element, and the summation of the axial masonry
deformation between the free end and the considered element, as per Eq.
3.8

δi = δ0 +
i∑

k=1
∆p,k +

i∑
k=1

∆m,k (3.8)

The predictive capability of the bond-slip model covers various aspects
of retrofit behaviour: the debonding load, required anchorage length, axial
strain profile, as well as the global load-slip behaviour of the system [69].
For the calculations, a length of 1 mm was selected for ∆x.

3.2 Quasi-static pull-out experiments

One of the recommendations following the preliminary research projects
[22] was the necessity of more knowledge regarding the bond-slip behaviour
of the CFRP strips in the masonry, where the bond is created by embedding
the strips in a flexible adhesive which is used as a groove filler. It is essential
to quantify the interfacial bond-slip relation to allow for accurate modelling
and understanding of debonding failures in FRP strengthened structures,
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3.2 Quasi-static pull-out experiments

and to be able to model the behaviour of a wall strengthened with FDM
CFRP strips. There are several parameters that can influence this relation,
such as the groove and the strip dimensions, the tensile and shear strength of
the groove filler, and the position of the CFRP strip within the member being
strengthened. The challenge is to find a suitable configuration at which the
bond-slip behaviour provides sufficient flexibility to prevent masonry from
premature cracking and results in high pull-out capacities in order to realise
effective strengthening.

The bond behaviour of CFRP systems can be experimentally studied with
direct pull-out tests (DPT) and beam pull-out tests (BPT). Because the DPT
method is less time consuming and easier to prepare and to undertake com-
pared to the BPT test, this method was the starting point to find a configu-
ration that led to the previously stated and desired bond slip behaviour.

3.2.1 Building the specimens

A summary and schematic overview of the specimens are provided in Table
3.1 and Fig. 3.3 respectively. A total of 16 masonry prisms were constructed
against a vertical sideboard to ensure minimum vertical deviation and were
left to cure for 28 days in an unheated environment. Each masonry prism
consisted of 16 bond stacked bricks in height and had typical mortar joint
thicknesses of 13 mm, resulting in a total prism height of approximately
1,000 mm.

Table 3.1: Overview specimens for quasi-static pull-out experimental campaign

Specimen Adhesive Groove width Surface treatment CFRP Strain gauges
Std-U-10 Standard 10 Untreated 1
Std-U-10-SG Standard 10 Untreated 9 (8 embedded)
Std-U-15 Standard 15 Untreated 1
Std-U-15-SG Standard 15 Untreated 9 (8 embedded)
Mod-U-10 Modified 10 Untreated 1
Mod-U-10-SG Modified 10 Untreated 9 (8 embedded)
Mod-U-15 Modified 15 Untreated 1
Mod-U-15-SG Modified 15 Untreated 9 (8 embedded)
Std-RP-10 Standard 10 Roughened and primer 1
Std-RP-10-SG Standard 10 Roughened and primer 9 (8 embedded)
Std-SB-10 Standard 10 Sandblasted 1
Std-SB-10-SG Standard 10 Sandblasted 9 (8 embedded)

Six pairs of CFRP strips were cut in lengths of 1,480 mm. Two pairs of
CFRP strips were subjected to additional surface treatment methods prior
to the installation of strain gauges: one pair (coded RP) of CFRP strips was
roughened with sandpaper prior to the application of a primer, whereas the
other pair (coded SB) was sand-blasted.

One CFRP strip of each pair was instrumented with nine strain gauges,
whereas the other strip of the pair was equipped with only one strain gauge.
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Polymer-mod.
mortar

Figure 3.3: Schematic overview specimens quasi-static pull-out campaign.

The CFRP strips that were instrumented with nine strain gauges were coded
SG. Type PFL-10-11 foil strain gauges with polyester resin backing were
used. For the SG coded specimens, the embedded strain gauges were both
positioned with a varying inter distance to alternating sides (as illustrated
in Fig. 3.3) in order to minimize asymmetry effects, and were covered with
wax to reduce the influence of the flexible adhesive on the measurements.
The strain gauges that were not embedded were placed on the loaded end
of the CFRP strip (strain gauge 1 in Fig. 3.3).

One CFRP strip was installed in the centre of each masonry prism fol-
lowing the installation procedure mentioned in section 1.4. Two pairs of
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3.2 Quasi-static pull-out experiments

the non-surface treated CFRP strips were mounted using a modified flexible
adhesive. The inclusion of the modified adhesive was done with the pur-
pose of determining whether replacing the standard adhesive with an even
more flexible alternative would lead to an increase of system performance
in terms of pull-out strength and stress distribution. This modified flexible
adhesive had a Young’s modulus, tensile strength and elongation at break of
16.6 N/mm2, 2.95 N/mm2 and 98 % respectively. The tensile stress-strain
relations of both the standard and modified adhesive are shown in Fig. 3.4
for a loading rate of 200 mm/min (mean strain rate 10.3 %/s). The stan-
dard flexible adhesive and modified flexible adhesive were coded Std and
Mod respectively.

For the non-surface treated CFRP strips, there also was a variation in the
groove width b f : being either 10 or 15 mm. The effects of an even smaller
groove width than 10 mm were not investigated due to expected difficulties
of milling such a small groove in practice. All of the surface treated CFRP
pairs were inserted in a groove with a width of 10 mm.

Figure 3.4: Tensile stress-strain relations (Mode I) of the standard (black lines) and
modified (grey lines) visco-elasto-plastic adhesive (ε̇= 10.3%/s).

3.2.2 Test setup and procedure

The direct pull-out tests were conducted on an Instron universal testing ma-
chine, as shown in Fig.3.5. An illustration of the setup is provided in Fig.3.6.

Before the experiment, 2 mm thick aluminum plates were cut in strips
of 200 mm in length and 20 mm in width. After the tabs were roughened
with sandpaper and thoroughly cleaned with acetone, the tabs were glued to
both sides of the CFRP strip at the loaded end using high strength and fast-
curing epoxy. These tabs were used to facilitate load introduction into the
specimen without producing premature failure due to an undesired failure
mode such as brooming or crushing of the CFRP between the grips of the
testing machine [103].
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

Figure 3.5: Test setup of the quasi-static DPT experimental campaign.

Figure 3.6: Schematic overview test setup quasi-static pull-out tests.
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3.2 Quasi-static pull-out experiments

The process continued by carefully positioning the prism under the load-
ing grips of the testing equipment, with the specimen resting on two support
blocks. Hard cardboard was put on the top of the prism to prevent stress
concentrations due to the non-smooth surface of the brick. A steel restraint
plate was placed on top of the prism at the loaded end, as shown in Fig.3.7.
To prevent undesirable wedge type failure modes, the plate was 25 mm thick
and provided full bearing against the specimen, with the exception of three
small openings: one for the CFRP strip and two for LVDTs. The specimen
was then lifted up via the aluminum grip plates. This procedure made it
possible for the prism to settle into a balanced condition and thus minimize
the eccentricity caused by possible imperfect installation of the CFRP strips.
Using M12 threaded steel rods, the steel restraint plate was bolted tight to
the base of the installation until a pre-tension force of 1.6 kN in the CFRP
strip was monitored. The weight of the specimen (∼0.36 kN) was neglected.

Figure 3.7: Restraint plate and loaded-end instrumentation.

Prior to the load application process, four LVDT sensors were installed.
The upper two 20 mm range sensors measured the loaded-end slip (sensors
1 and 2 in Fig. 3.6) and the bottom two 20 mm range sensors measured the
free-end slip (sensors 3 and 4 in Fig. 3.6) . The mean of the LVDT pairs was
used to establish the corresponding slip. Prior to the analysis, the loaded-
end slip was corrected for the elongation of 70 mm of CFRP strip outside the
specimen. The 70 mm was the distance between the masonry and the clamp
on the CFRP strip which was used to mount the LVDT pair measuring the
loaded end slip. After resetting the sensors, the experiment was started with
the pre-determined pull-out speed of 0.5 mm/min. The data was logged
with a frequency of 2 Hz.
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

3.2.3 Processing the strain-gauge readings

Based on the active strain gauges, a second-order polynomial was constructed
for the strain distribution over the entire embedded length of the CFRP strip
at each instant of measurement, using the boundary condition of zero strain
in the CFRP strip at the free end ε0 = 0. This polynomial is presented in Eq.
3.9. Using the polynomial for the CFRP strain, the bond, slip and pull-out
load were determined using the partial-interaction model presented in 3.1.

εp,qp,x = p1x2 +p2x +p3; (3.9)

The coefficients of the polynomial are determined using least-squares
fitting on the measured strain data. The process of generating the polyno-
mials using the strain data is demonstrated in the paragraph Local bond-slip
behaviour of subsection 3.2.4.

3.2.4 Results and discussion

The test results are summarized in Table 3.2. A generalized representation
of the force-slip behaviour is shown in Fig. 3.8, along with five derived
parameters: the initial stiffness (ki ni ), pull-out strength (Pmax ), the corre-
sponding slip at the loaded end (δL,max ), the pull-out force at the end of the
test (Fend ), and the corresponding slip at the loaded end at the end of the
test (δL,end ). The initial loaded-end slip rate of the CFRP strip (δ̇L,i ni ), the
derived Young’s modulus of the CFRP strip (Ep ), the governing failure mech-
anism and the damage to the masonry substrate are also provided in Table
3.2. All mentioned parameters will be covered in the following sections.

Table 3.2: Overview results quasi-static DPT experimental campaign.

δ̇L,i ni Ep ki ni Pmax δL,max Fend δL,end Failure Damage to
mm/s kN/mm² kN/mm kN mm kN mm mode* masonry

Std-U-10 0.24 196 13.0 60.2 11.7 17.5 21.9 IF/CF Yes
Std-U-10-SG 0.25 200 10.9 56.0 9.9 15.6 30.1 IF/CF No
Std-U-15 0.27 196 10.1 49.0 7.5 13.8 14.3 IF/CF No
Std-U-15-SG 0.28 194 10.2 45.4 7.9 14.9 10.9 IF/CF No
Mod-U-10 0.32 191 8.5 28.8 5.4 11.7 10.1 IF/CF No
Mod-U-10-SG 0.28 191 9.1 27.6 5.3 15.8 8.2 IF/CF No
Mod-U-15 0.29 193 8.9 30.3 5.9 15.2 9.5 IF/CF No
Mod-U-15-SG 0.26 193 10.3 31.3 5.8 13.7 10.9 IF/CF No
Std-RP-10 0.22 199 13.6 66.7 11.3 18.9 32.4 IF/CF No
Std-RP-10-SG 0.24 198 14.8 64.5 7.6 15.1 40.2 IF/CF No
Std-SB-10 0.25 197 12.2 51.6 5.3 5.4 46.0 IF/CF No
Std-SB-10-SG 0.23 198 15.2 62.3 9.4 17.8 20.6 IFS No
* IF = Interfacial failure CFRP/adhesive; CF = Cohesive failure;
* IFS = Interfacial failure sand-layer/adhesive
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3.2 Quasi-static pull-out experiments

Figure 3.8: Global force - (loaded-end) slip behaviour

Failure mechanisms and damage to masonry

For all the specimens of the quasi-static pull-out experimental campaign, a
combined CFRP/adhesive interface failure and cohesive failure of the adhe-
sive occurred. Fig. 3.9 shows the typical detachment of the CFRP strips from
the adhesive as was observed during this experimental campaign.

Figure 3.9: Close-up of an embedded CFRP strip after testing, showing the predomi-
nant cohesive failure of specimens in the quasi-static pull-out experimen-
tal campaign.

Despite a groove depth of 65 mm for all the specimens, premature brick
splitting was not observed. Only specimen Std-U-10 developed some hair-
line cracks during the post-peak process over the length of the specimen
near the groove (Fig. 3.10). These cracks started developing after a 30%
decline from the peak pull-out force, at a loaded end slip of 15 mm. For the
remaining specimens no hairline crack development was observed. This ob-
servation was contradictory to the findings of Dizhur [13], where pre-mature
brick splitting was observed during the direct pull tests for specimens with a
groove depth of only 30 mm with the conventional stiff adhesive.
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

Figure 3.10: Marked hairline cracks of the front (left) and back side (right) of speci-
men Std-U-10, formed in the post-peak loading phase.

Due to gripping problems, specimen Std-SB-10 slipped from the grips
during the experiment at the aluminum plate and CFRP strip interface. As
the embedded region near the loaded end had most likely entered the post-
peak region of the local bond-slip behaviour, the specimen was not tested
again. For specimens Std-SB-10-(SG) the detachment was observed at the
sand-layer/adhesive interface.

Global force-slip behaviour

The initial stiffness (ki ni ) was determined as the secant modulus at 35% of
the pull-out strength (Pmax ). The force Fend represents the (residual) force
at the end of the test, which was marked as the final moment where all
LVDTs measuring the slip were in range. The corresponding slips at Pmax

and Fend are denoted by δL,max and δL,end respectively. The global force-
slip diagrams for the tested specimens, taking into account both the free
end (dashed lines) and the loaded end (solid lines), are shown Fig.3.11.
It should be noted that for clarity the loaded-end slip is presented with an
initial offset of 10 mm.

Based on the load slip diagrams, the standard ahdesive (higher tensile
strength and Young’s modulus) showed both a significantly higher displace-
ment and pull-out capacity when compared to the modified adhesive. Ad-
ditionally, a significant improvement of the pull-out capacity was realized
when decreasing the groove width from 15 to 10 mm for standard adhe-
sive. This difference was not observed for the modified adhesive. Additional
practical advantages of the smaller groove of 10 mm width are increased
time-efficiency during installation and 33% less material usage compared
to the wider groove width of 15 mm.
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3.2 Quasi-static pull-out experiments

Figure 3.11: Global force - (loaded-end) slip behaviour for the specimens in the
quasi-static DPT experimental campaign.

Comparing the load-slip diagrams of the specimens with additional sur-
face treatment with the load slip diagram of specimen A-S10(-SG), an in-
crease in pull-out capacity of >10% was found. This finding indicated that
both surface treatment methods provided a higher strength in terms of pull-
out capacity to the smooth CFRP strip surface.

Local bond-slip behaviour

The process of obtaining the local bond-slip behaviour using the embed-
ded strain gauge readings is demonstrated using specimes STD-U-10-SG.
Based on the active strain gauges and the boundary condition at the free
end (εp,0=0), a quadratic polynomial was constructed for the strain value
over the entire embedded length for each instant of measurement (Eq. 3.9).
These polynomials for different pull-out loads are shown in Fig.3.12 for both
the pre-peak and post-peak phase. The determined polynomial was rejected
if the number of active and embedded strain gauges reduced to two.

The obtained local bond-slip relations for all the specimens with em-
bedded strain gauges are provided in Fig.3.13. In this figure the bold black
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lines, the thin grey lines and the bold grey lines represent the obtained local-
bond slip behaviour at the loaded end, the position of the embedded strain
gauges, and the free end respectively. One reoccurring phenomena for all
tested specimens was the difference between the the obtained loaded-end
bond-slip relation and free-end bond-slip relation, the latter relation gen-
erally resulting in stiffer and stronger bonds. This deviation was linked
to an error in the loading protocol and test setup, as explained in section
3.3.3. Due to the limited number of tested specimens per configuration in
the quasi-static DPT experimental campaign, no general local bond-slip re-
lation was determined for modelling purposes.

Figure 3.12: Obtained quadratic polynomials of the strain distribution along the em-
bedded length, using the strain gauge readings of Std-U-10-SG.

The validity of the obtained bond-slip relations and the partial interac-
tion model was checked by comparing the pull-out load and loaded end slip
relationship determined using the obtained strain distributions and proce-
dure described in section 3.1 (bold black line, Fig. 3.14), with the measured
pull-out load versus loaded end slip relationships (bold grey line, Fig. 3.14).
With the exception of specimen Mod-U-10-SG, the partial interaction model
provided a good approximation of the experimentally obtained pull-out load
and loaded end slip relation.The relatively high error for specimen Mod-U-
10-SG was most likely caused by malfunctioning strain gauges, as the ob-
tained local bond-slip relations for specimen Mod-U-10-SG were limited in
range when compared to the other specimens in the quasi-static DPT exper-
imental campaign, as provided in Fig.3.13. Leaving out the deformation of
the masonry in the partial interaction model (∆mas = 0) did not significantly
affect the fit of the model with the experiments, as shown with the dashed
black lines in Fig. 3.14.
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Figure 3.13: Local bond-slip behaviour obtained for the specimens with embedded
strain gauges in the quasi-static DPT experimental campaign.

3.3 Quasi-dynamic pull-out experiments

The experimental campaign in the previous section stimulated the need for
further research on the governing pull-out mechanics deep-mounted CFRP
strips bonded with a flexible adhesive to clay brick masonry. A follow-up
experimental campaign was conducted, consisting of 14 direct pull-out tests
on masonry prisms with an FDM CFRP strip. In order to investigate the
influence of the embedded length of the FRP strip on the pull-out strength
and the initial stiffness, four different specimen lengths were tested. To
utilize the strain-dependent properties of the system, the vast majority of the
specimens were tested under a high loading speed, generally reaching the
pull-out strength within 10 seconds. The effect of loading speed on the bond
strength and the occurring failure mechanism is also studied. Moreover, an
analytical model is elaborated to describe the force-slip behaviour of the
retrofit system. Finally, the test results are compared to previous tests on
masonry specimens retrofitted with NSM FRP strips embedded in stiff epoxy.
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

Figure 3.14: Comparison of the pull-out load versus loaded end slip diagram follow-
ing from the partial-interaction model (bold black line), with the mea-
sured pull-out load versus loaded end slip relations (bold grey line).

3.3.1 Building the specimens

Again the prisms were constructed against a vertical sideboard to ensure
minimum vertical deviation and were left to cure for 28 days in an unheated
environment. The masonry prisms consisted of 6, 9, 12 or 16 bond stacked
bricks in height (nb) and had typical mortar joint thicknesses of 13 mm. Per
height three specimens were made except for the specimen with (nb)=16,
for which 5 specimens were made in total. Each prism was denoted with the
following notation:

[PO - nb - vmachi ne - prism number in group]

For example, PO-6-100-2 denotes the second prism in the group of 6
stacked bricks that was tested with a machine displacement speed (vmachi ne )
of 100 mm/min.

One CFRP strip was installed in the centre of each masonry prism follow-
ing the installation procedure mentioned in sections 1.4 and 3.2. The groove
had a width of 10 mm, and was placed in the centre of the prisms. Due
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3.3 Quasi-dynamic pull-out experiments

to a communication error the strips were not cleaned with acetone as was
specified by the supplier, but were only wiped with a cloth. Strain gauges
(type PFL-10-11, foil strain gauges having polyester resin backing) were at-
tached to alternating sides (to minimize asymmetry effects) of the strip with
a constant inter distance of approximately 275 mm for the imbedded strain
gauges (SG-1 – SG-5), starting from the center of the second brick from the
loaded end. The strain gauges that were not imbedded (SG-0) were placed
on the loaded end of the CFRP strip, with a distance of 30 mm from the
masonry. The embedded strain gauges were covered with wax to reduce the
influence of the adhesive on the measurements. A schematic overview of the
specimens and the locations of all strain gauges are provided in Fig. 3.15.

Polymer-mod.
mortar

Figure 3.15: Schematic overview specimens quasi-dynamic pull-out campaign.

51



3. Flexible deep mounted CFRP strips: bond-slip behaviour

3.3.2 Test setup and procedure

The test setup and positioning procedure for this experimental campaign
was similar to the setup and procedure covered in section 3.2.2. An illustra-
tion of the updated setup is provided in Fig.3.6.

Before the experiment, aluminum plates of 110 mm in length, 20 mm in
width and 2 mm in thickness were tapered at an angle of 12 degrees, follow-
ing the guidelines for selecting suitable tabbing configurations for compos-
ite material test specimens provided by Adams & Adams [103]. The tabbing
guide was followed in order to prevent detachment of the aluminum plates
from the CFRP strip during the loading process. After the tabs were rough-
ened with sandpaper and thoroughly cleaned with acetone, the tabs were
glued to both sides of the CFRP strip at the loaded end using high strength
and fast-curing epoxy.

Figure 3.16: Schematic overview test setup quasi-dynamic pull-out tests.

Prior to the load application process, eight LVDT sensors were installed
(6 for the PO-6 and PO-9 specimens). The upper two 20 mm range sensors
measured the loaded-end slip (sensors 1 and 2 in Fig. 3.16) and the bot-
tom two 20 mm range sensors measured the free-end slip (sensors 3 and 4
in Fig. 3.16). The mean of the LVDT pairs was used to establish the cor-
responding slip. Prior to the analysis the loaded-end slip was corrected for
the elongation of 70 mm of CFRP strip outside the specimen, 70 mm being
the distance between the top surface of the masonry and the clamp on the
CFRP strip which was used to mount the two LVDTs measuring the loaded
end slip. In order to measure the axial deformation within the masonry,
additional short range LVDT sensors were applied: four to the PO-16-5, PO-
16-25, PO-16-100 and PO-12-100 specimens, and two to the PO-9-100 and
PO-6-100 specimens (sensors 5 and 6 in Fig. 3.16).

52



3.3 Quasi-dynamic pull-out experiments

Similar to the quasi-static pull-out experimental setup, the steel restraint
plate was bolted tight to the base of the installation using M12 threaded steel
rods until a pre-tension force of 1.6 kN in the CFRP strip was monitored. The
weight of the specimens (up to 0.36 kN) was neglected. After resetting the
sensors, the experiment was started with the pre-determined pull-out speed.
Due to errors, the data from specimens PO-16-100-5 and PO-16-100-25 was
logged with only 2.5 Hz, giving limited data-points. For the remaining part
of the experiments the logging frequency was increased to 20 Hz.

3.3.3 Results and discussion

The test results are summarized in Table 3.3. The generalized representation
of the force-slip behaviour along with relevant parameters was presented in
Fig. 3.8. Next to the initial loaded-end slip rate of the CFRP strip (δ̇L,i ni ),
the Young’s modulus of the CFRP strip (Ep ), the governing failure mechanism
and the damage to the masonry substrate, the maximum deformation of the
masonry over the length (∆mas ) is also included in Table 3.3. The important
parameters will be covered in the following sections.

Table 3.3: Overview results for quasi-dynamic pull-out experimental campaign

Specimen L δi ni Ep ki ni Pmax δL,max Fend δL,end ∆mas Failure Dam.
mm mm/s kN

mm2
kN
mm kN mm kN mm mm mode* mas.**

PO-6-100-1 340 0.92 197 10.4 38.7 5.9 6.9 18.3 0.05 IF/CF SP
PO-6-100-2 342 1.12 201 8.8 33.1 4.3 6.4 18.6 0.05 IF/CF SP
PO-6-100-3 347 1.03 194 10.0 33.5 4.1 5.7 18.9 0.08 IF/CF SP
PO-9-100-1 524 1.09 200 9.1 42.6 6.0 8.2 18.1 0.28 IF/CF SP
PO-9-100-2 525 1.01 204 11.0 53.3 6.9 6.6 18.6 0.12 IF/CF SP
PO-9-100-3 529 1.03 200 11.2 39.5 5.5 8.7 17.0 0.07 IF/CF SP
PO-12-100-1 729 1.07 204 11.8 63.6 7.4 8.2 18.1 0.15 IF/CF SP
PO-12-100-2 735 1.04 203 10.9 54.3 7.6 19.4 13.3 0.23 IF/CF SP
PO-12-100-3 732 1.10 202 10.4 52.8 6.1 6.5 16.9 0.17 IF/CF SP
PO-16-5 1001 0.04 199 13.3 68.0 8.6 13.7 18.2 0.66 IF/CF SP
PO-16-25 998 0.22 204 11.5 81.0 9.7 81.0 9.7 0.44 CR HC
PO-16-100-1 996 0.93 203 14.6 87.8 7.9 87.8 7.9 0.19 CR HC
PO-16-100-2 995 1.04 220 12.2 83.2 8.6 83.2 8.6 0.25 CR HC
PO-16-100-3 992 1.00 214 13.8 80.1 12.0 22.3 19.0 0.46 IF/CF SP
* IF = Interfacial failure CFRP/adhesive; CF = Cohesive failure; CR = CFRP rupture
** SP = Masonry splitting over entire length; HC = Hairline cracks over limited length

Failure mechanisms and damage to masonry

In all specimens, except PO-16-25, PO-16-100-1 and PO-16-100-2, split-
ting of the masonry prism was observed. A typical crack is shown in Fig.
3.17. The general observation was that the crack initiation occurred near
the loaded end when the pull-out strength was reached, and propagated
over the entire bonded length during the post-peak phase. Despite split-
ting, specimens did not fall apart due to small regions of intact adhesion.
The splitting was an unavoidable aspect of the selected test method. The

53



3. Flexible deep mounted CFRP strips: bond-slip behaviour

pull-out experiments were conducted in the absence of lateral confinement
pressure, which may exist in the practical situations.

Figure 3.17: Post-experiment photos of the as-built side (top) and treated side (bot-
tom) of specimen PO-16-100-6.

Based on observation of the loaded end, the predominant failure mecha-
nism was determined as cohesive failure in the adhesive. After breaking the
specimens in two using a chisel and a hammer, the previously observed co-
hesive failure mechanism was confirmed with the exposed embedded CFRP
strip. Traces of interfacial failure were also found. A typical photo of an
embedded CFRP strip after breaking the specimen is shown in Fig. 3.18.

Figure 3.18: Close-up of specimen PO-12-100-2 after breaking the specimen apart
post-experiment, showing the predominant cohesive failure.

For specimens PO-16-25, PO-16-100-1 and PO-16-100-2, which failed
due to CFRP rupture, no splitting of the masonry was observed. Fig. 3.19
(top) shows the undamaged treated side of the considered specimens. On
the as-built side, hairline cracks were observed along the 6 bricks at the
loaded end (bottom image Fig. 3.19). Local crushing failure at the loaded
end was also observed, as shown in Fig. 3.20.
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3.3 Quasi-dynamic pull-out experiments

Figure 3.19: Post-experiment photos of the treated side (top) and cracked (top 6
bricks) as-built side (bottom) of specimen PO-16-100-4.

Figure 3.20: Post-experiment close-up of the loaded end of specimen PO-16-100-4,
showing the governing failure mechanism: CFRP rupture.

Global force-slip behaviour

The global force-slip diagrams for the tested specimens, taking into account
both the free end (dashed lines) and the loaded end (solid lines), are shown
in Fig. 3.21. It should be noted that for clarity the loaded-end slip is pre-
sented with an initial offset of 10 mm. CFRP rupture in Fig. 3.21 is marked
with an x. An overarching observation is that the global force-slip relations
remain consistent within the same specimen group. The highest deviation
is observed in the specimen pull-out strength, which can be attributed to
the imperfect placement of the CFRP strips. Looking at the initial stiffness,
an increasing trend is observed with longer embedment lengths, as shown
in Fig. 3.22a. The initial stiffness ranged from 8.8 kN /mm (PO-6-100-1)
to 14.6 kN /mm (PO-16-100-1). A linear correlation (R2 = 0.70) was found
between the initial stiffness and the embedment length.
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Figure 3.21: Global force - (loaded-end) slip behaviour for the specimens in the
quasi-dynamic pull-out campaign.

A very strong linear correlation was found between pull-out strength and
the embedment length range of the performed tests, as shown in Fig. 3.22b.
This linear dependency was also observed for similar test configurations
with short bonded lengths [54, 104]. The linear relation between pull-out
strength and the embedment length within the current experimental cam-
paign was found to be applicable until the load capacity became sufficiently
large that rupture of the CFRP started to govern. An embedment length of
1.0 m was sufficient to initiate CFRP rupture (TP = 80.5 kN ) governed failure
mechanism instead of cohesive failure. It should be noted that in the context
of partial-interaction mechanics, a linear dependency between Pmax and L
occurs only for short bond lengths while the shear stress distribution along
the bonded length remains near-uniform.

Looking at the effect of the initial loaded-end slip rate (δ̇L,i ni ) on the pull-
out strength, a strong logarithmic correlation was found, as shown in Fig.
3.22c. The initial loaded-end slip rate was determined as the mean loaded-
end slip rate from the start of the pull-out experiment up to and including
the moment where 35% of the pull-out strength was reached. The pull-out
strength corresponding to δ̇L,i ni ≈ 0.004 mm/s (vmachi ne = 0.5 mm/min)
was taken from the quasi-static experimental campaign as was presented in
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section 3.2 (specimen Std-U-10-SG). It was observed that while keeping the
embedment length constant at ≈ 1.0 m, increasing the machine speed from
0.5 mm/min to 100 mm/min (δ̇L,i ni ≈ 1.0 mm/s) led to a 67% increase in
failure load, with the governing failure mechanism shifting from cohesive
failure to CFRP rupture. Looking at the PO-16-5, PO-16-25 and PO-16-100
specimens, the pull-out speed had no significant effect on the initial stiffness.

Figure 3.22: Obtained linear and logarithmic relations in the quasi-dynamic DPT ex-
perimental campaign: The initial stiffness ki ni as a function of the em-
bedded length L for specimens tested at vmachi ne = 100mm/mi n (a);
The pull-out strength Pmax as a function of the embedded length L for
specimens tested at vmachi ne = 100mm/mi n (b); The pull-out strength
Pmax as a function of the initial loaded-end slip rate (δ̇L,i ni for speci-
mens with an embedment length of 1m (c).

Local bond-slip behaviour

The process of obtaining the local bond-slip behaviour using the embedded
strain gauge readings is demonstrated using specimen PO-12-100-1. Based
on the active strain gauges and the boundary condition at the free end
(εp,0=0), a second-order polynomial was constructed for the strain value
over the entire embedded length for each instant of measurement. These
polynomials for different pull-out loads are shown in Fig. 3.23 for the pre-
peak and post-peak phase.

The determined polynomial was rejected if either the number of active
and embedded strain gauges reduced to one, or the polynomial showed an
upward slope at the free end. The latter rejection case is shown with a bold
black line in Fig. 3.23. Using the PI model the local bonds-slip relations
were determined from the constructed polynomials for the loaded end, the
position of the embedded strain gauges and the free end. An overview of the
determined local bond-slip relations for the PO-100 specimens is provided in
Fig. 3.24. The local bond-slip correlation at the loaded end and the free end
are provided with solid black and grey lines respectively. For specimens PO-
6-100, PO-9-100 and PO-12-100, a limited difference was found between the
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Figure 3.23: Obtained (rejected) quadratic polynomials of the strain distribution
along the embedded length, using the strain gauge readings for speci-
men PO-100-12-1: pre-peak and post-peak.

loaded end and the free end in terms of local-bond slip relation. The average
bond strength was 2.45 N/mm². Looking at the PO-16-100 specimens, it
was observed that the free-end bond-slip behaviour showed a steep increase.
This phenomenon of a stiffer local bond-slip response was also observed with
the PO-16-0.5 (=Std-U-10-SG from the quasi-static experimental campaign),
PO-16-5 and PO-16-25 specimens, as shown in Fig. 3.25. Due to damaged
sensors and/or failure of the specimen, the full local bond-slip behaviour
near the free end could not be determined.

For specimen PO-16-0.5 (Std-U-10-SG) the steeper increase in local bond-
slip behaviour at the free end continued until a significantly higher local
bond strength (with respect to the loaded end) was reached. This phe-
nomenon of a stiffer and stronger local bond-slip response can be attributed
to the viscous properties of the adhesive and the non-uniform pull-out speed.

Fig. 3.26 provides the maximum shear stress (τmax ) and corresponding
slip rate at the loaded end (δ̇L), free end, and embedded strain gauge loca-
tions for the PO-6-100, PO-9-100 and PO-12-100 specimens. For the PO-6-
100-1 and PO-6-100-3 specimens, the local bond strength seems to remain
constant over the embedment length. With the PO-9-100 and PO-12-100
specimens, the local bond strength reduces from the loaded end towards the
mid-embedment length. This finding agrees with fracture mechanics the-
ory, stating that the propagation of cracks occur at stresses lower than the
critical stress required for fracture. However, somewhat unexpectedly, the
local bond strength increased from the mid embedment length towards the
free end for the PO-9-100 and PO-12-100 specimens, as illustrated in Fig.
3.26. This increase is linked to the increase of the corresponding slip rate.
Despite the machine displacement rate being constant, the finite stiffness of
the machine, the threaded rods (used to connect the restraint plate to the
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Figure 3.24: Local bond-slip behaviour obtained for the specimens tested with
vmachi ne = 100mm/mi n in the quasi-static pull-out campaign.

Figure 3.25: Local bond-slip behaviour obtained for the specimen tested with
vmachi ne=0.5mm/min, 5mm/min and 25mm/min.

59



3. Flexible deep mounted CFRP strips: bond-slip behaviour

base of the machine) and the CFRP strip between the masonry and the grips
of the machine disrupted the loaded-end slip rate. The elongation rate of
the machine, the threaded rods and the free CFRP strip at the loaded end
resulted in a decrease of the actual slip rate at the loaded end. The mean
slip-rate at the loaded end was ∼70% of the machine displacement speed
for all the specimens. This was applicable as long as there was an increase
in exerted pull-out force. During the post-peak phase, where the applied
pull-out force started to decrease, the relaxation rate of the aforementioned
(finite stiffness) components resulted in an increase of the actual slip rates.
This increase in local slip rate, being more significant for longer specimens,
resulted in higher local bond strength due to the strain-rate dependent prop-
erties of the visco-elasto-plastic adhesive.

Figure 3.26: Local bond strength (τmax ) and corresponding slip rate (δ̇) at the loaded
end, free end and strain gauge locations for specimen groups PO-6-100,
PO-9-100 and PO-12-100.

The contour plots of the local bond development over the embedded
length, as a function of the loaded-end slip, is provided in Fig. 3.27, where
the load is represented with a solid black curve (secondary y-axis). It should
be noted that the full range of the contour plots could not be given due to
the limited strain gauge readings. In all cases, the maximum pull-out load
was reached in the phase where the maximum local bond stresses shifted
from the loaded end (x=L) towards the free end (x=0). Specifically, when
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the local bond-slip (τ−δ) relation at the loaded end entered the post-peak
stage and the local τ−δ relation at the free end neared its peak, the specimen
reached full strength. It should be noted that this shift of stresses happened
rapidly. With increasing bond length, there was a clear distinction between
the level of bond stresses near both the loaded end and free-end, and the
level of bond stresses at mid-embedment length.

Figure 3.27: Contour plots of the local bond development over the embedded length,
as a function of the loaded-end slip for specimens tested at vmachi ne =
100mm/mi n. Black curves show the pull-out load.
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3.4 General bond-slip law

With the obtained local bond-slip correlations as shown in Fig. 3.24 a gen-
eral local bond-slip relation was determined for modelling purposes. The
first step to reach a general local bond-slip correlation is to construct an av-
eraged local bond-slip relation for the PO-6-100, PO-9-100 and PO-12-100
(quasi-dynamic) specimens. The PO-16-100 specimens were not considered
due to the incomplete bond-slip relations. The averaged curve is shown with
a solid grey line in Fig. 3.28 for specimen PO-6-100-1. This averaging pro-
cess, based on slip increments of 0.4 mm, continued while three or more
local bond-slip relations were present. The end point of the averaged curve
is denoted with δa and τa . The bond energy is determined using Eq. 3.10:

G f =
∫ δa

δ=0
τaver ag ed (δ)dδ (3.10)

Figure 3.28: Generalization and multi-linearization of the obtained local bond-slip
relations of PO-6-100-1.

The second step to reach an averaged local bond-slip correlation is to
multi-linearize the averaged local bond-slip curve of the considered speci-
mens. The multi-linearized local τ−δ behaviour at the CFRP-adhesive inter-
face consists of four zones: elastic (I), damage initiation (II), damage devel-
opment (III), and residual (IV), as shown in Fig. 3.29. This is a modification
of the bi-linear frictional rule as reported by Vaculik et al. [105]. The local
τ−δ relationship at the interface can be expressed with the set of condi-
tional equations as provided in Eq. 3.11, where the slope parameters k1 and
k2 were determined in accordance with Eq. 3.12 and Eq. 3.13 respectively.

τml (δ) =


k1δ δ≤ δ1,
τ f δ1 < δ≤ δ2,
τ f −k2(δ−δ2) δ2 < δ≤ δ3,
τr δ> δ3,

(3.11)
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k1 =
τ f

δ1
(3.12)

k2 =
τ f −τr

δ3 −δ2
(3.13)
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Figure 3.29: Local τ− δ relation to represent the bond behaviour along the bond
interface (CFRP strip - flexible adhesive).

The value for the damage initiation plateau, τ f , was determined in ac-
cordance with Eq. 3.14.

τ f = 0.95τmax (3.14)

The initial stiffness is determined as a secant modulus at 35% of the bond
strength. Using the initial stiffness and the value for the damage initiation
plateau τ f , the value for δ1 can be determined using Eq. 3.12. As the bond
energy for the multi-linearized and averaged bond-slip relation until slip δa

are assumed equal, the value for δ2 can be determined following Eq. 3.15.
This way the bond energy is determinative of the final shape of the multi-
linearized bond-slip relation.

δ2 =
2G f − (τ f +τa)δa +τ f δ1

τ f −τa
(3.15)

Using δa , τa , δ2, τ f and the residual bond stress τr (estimated at 0.4
N/mm² based on the measured forces at the end of the tests), the value for
δ3 can be determined by means of linear extrapolation.
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The multi-linearized τ−δ relations for the PO-6-100, PO-9-100 and PO-
12-100 specimens are shown in Fig. 3.30. By averaging these, a global-
average multi-linear τ−δ correlation was determined. It should be noted
that the post-peak part of the multi-linearized bond-slip curve could not be
determined for specimens PO-6-100-2 and PO-6-100-3 due to incomplete
data, so these specimens were excluded from the averaging process. The
averaged multi-linear τ−δ relation was found to be a good representation
of all the obtained τ−δ relations for the PO-6-100, PO-9-100 and PO-12-100
specimens, as shown in Fig. 3.31. The parameters defining the averaged
multi-linear τ−δ relation are provided in Table 3.4. In general, the interfacial
fracture energy G f is defined as the area under the τ−δ curve. Vaculik et
al. [105] considered this integral only up to the slip at debonding (δ3) as the
integral becomes unbounded for τr > 0. Using this definition, the interfacial
fracture energy was determined as 16.9 Nmm/mm².

Figure 3.30: Multi-linearized τ−δ relations (individual tests and averaged) for the
PO-6-100, PO-9-100 and PO-12-100 specimens.

Figure 3.31: Averaged and multi-linearized τ−δ relation and all the obtained τ−δ
relations for the PO-6-100, PO-9-100 and PO-12-100 specimens.
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Table 3.4: Parameters averaged multi-linear local bond-slip behaviour (Fig. 3.29).

Parameter Value Unit
τ f 2.22 N/mm²
τr 0.40 N/mm²
δ1 2.82 mm
δ2 5.20 mm
δ3 11.62 mm
G f 16.87 Nmm/mm²

Using the one-dimensional partial-interaction (PI) model as presented in
Section 3.1 and the obtained averaged multi-linear τ−δ relation, the pull-
out load versus loaded end slip (F −δ relation was calculated. By rewriting
3.3 into Eq. 3.16, the strain per element, as was illustrated in Fig. 3.2 can be
determined with the averaged multi-linear τ−δ relation. The free-end slip
δ0 was used as an input for the analysis. The strain in the CFRP strip was
zero at the free end (εp,0 = 0). The local slip for each element in the PI-model
was determined using Eq. 3.17.

εp,i = εp,i−1 + 2δx ·τml (δi−1)

Ep · tp
(3.16)

δi = δ0 + 1

2

i∑
k=1

(εp,k +εp,k−1) (3.17)

The F -δ relation was determined for different anchorage lengths, as
shown in Fig. 3.32. The end of the elastic (δ1), damage initiation (δ2)
and damage development (δ3) zones from the interfacial constitutive law
are highlighted with circles, squares and diamonds respectively.

The results following from the proposed model showed good agreement
with the experimental outcomes. The only exception is for an anchorage
length of 1000 mm, where the model seems to result in a significant steeper
decrease in the post-peak region (marked with a light grey area). This dif-
ference can be attributed to the non-uniform local slipping speeds and the
strain-rate dependent properties of the visco-elasto-plastic adhesive.

The contour plots of both the modelled and experimentally determined
local bond development over the embedded length, as a function of the
loaded-end slip, is provided in Fig. 3.33. From each specimen group, the
specimen with the broadest measured range is selected for the comparison.
Comparing the modelled and experimentally determined local bond devel-
opment over the embedded length, the model provides a good approxima-
tion, especially when looking at the shape of the contour plots.
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Figure 3.32: Comparison results model with experimental outcomes. For clarity the
loaded-end slip is presented with an initial offset of 10mm. The end
of the elastic (δ1), damage initiation (δ2) and damage development (δ3)
zones from the interfacial constitutive law are highlighted with circles,
squares and diamonds respectively.

With the partial-interaction model and the input parameters as provided
in Table 3.4, F -δ relations were determined for various anchorage lengths,
ranging from 400 mm to 1800 mm in increments of 100 mm, as shown in
Fig. 3.34. The shear stress distribution over the bonded length L at the
instance of peak pull-out load are shown in Fig. 3.35.

Up to and including an anchorage length of 550 mm, the pull-out strength
is reached when the free-end slip is equal to δ1 (2.82mm). Over this bonded
length range, the peak strength coincides with a near-uniform stress distribu-
tion where the entire bonded interface is in the damage initiation phase, and
each additional 100 mm of bonded length increases the pull-out strength by
around 8.9 kN. Increasing the bonded length from 550 to 1300 mm, it can be
observed that each additional unit of bonded length results in a less effective
increase of the pull-out strength, assuming the tensile strength of the CFRP
strip is no limiting factor. The loaded-end slip shifts towards 12mm (damage
development zone) whereas the free-end slip shifts towards 1.7 mm (elastic
zone) at the instance when the pull-out strength is reached. The plateau of
damage initiation shifts from the free end towards the loaded end, covering
a bonded length of 550 mm. For bonded lengths of 1300 mm or longer,

66



3.4 General bond-slip law

Figure 3.33: Modelled (top row) and experimentally obtained (bottom row) contour
plots of the local bond development over the embedded length, as a
function of the loaded-end slip. Black curves shows the pull-out load.

Figure 3.34: F -δ relations for various anchorage lengths.

the pull-out strength is reached when the free-end slip equals 1.7mm. The
bonded interface remains in the elastic zone between x = 0 (free end) and
x = 120 mm. Between x = 1100 mm and x = 1300 mm, the adhesive in-
terface is in the residual zone, where the shear stress is solely caused by
friction. Increasing the bonded length above the critical value (1300 mm)
has limited effect on the pull-out strength, because any incremental increase
is only due to residual stress, so that every 100 mm of bonded length only
increases the pull-out strength by an additional 1.6 kN.

The force versus loaded-end slip relation of the flexible adhesive mounted
CFRP strip, following from the partial-interaction analysis, is provided in Fig.
3.36 for various anchorage lengths. When the loaded end enters the dam-
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O O

Figure 3.35: Shear stress distribution over the bonded length L at the instance of
peak pull-out load.

age development zone (δL ≥ δ2), especially for bonded lengths over 200mm,
the load can still increase. This increase becomes more significant for higher
bonded lengths. Entering the damage development zone at the loaded end,
the shear stresses for the remaining part of the bonded length can further
increase the load since the bond law is still either in the linear elastic zone
(towards the free end) or the damage initiation zone. For bonded lengths of
500mm or less, the load is either in, or very close to the residual phase. This
would mean that at the moment the loaded end region enters the residual
zone of the local bond law, the pull-out load will enter the residual phase
either instantly or very soon. Considering the tensile limit of the CFRP strip,
Fig. 32 shows that for bonded lengths of ≥1250 mm, CFRP rupture (marked
with x) starts to govern, according to the partial-interaction analysis.

Figure 3.36: Force versus loaded-end slip relation following from the partial-
interaction analysis, for various anchorage lengths. CFRP strip rupture
is marked with an x. The end of the elastic (δ1), damage initiation
(δ2)and damage development (δ3) zones from the interfacial constitu-
tive law are highlighted.
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The pull-out strength versus the bonded length, predicted using the partial-
interaction analysis, is provided in Fig. 3.37. Over the experimentally tested
bonded lengths (L = 300 to 1,000 mm), the analysis demonstrates the rela-
tionship between Pmax and L to be almost linear (R2 = 0.97), in agreement
with the experiments. It should be noted that this linear trend is only appar-
ent because of the lengths considered and the fact that the rupture of CFRP
caps off the strength at a bonded length of 1000 mm.

Figure 3.37: Tested and predicted pull-out strength versus the bonded length.

It should be noted that during a seismic event, the CFRP strips of a wall
retrofitted with FDM CFRP strips are most likely subjected to higher load-
ing rates than maintained in the quasi-dynamic campaign (100 mm/min).
However, even for higher loading rates, no significant difference is expected
for the force-loaded end slip relationship determined using the proposed av-
eraged and multilinearized bond-slip law for anchorage lengths of over 1.0
m. This is due to both the limited effect of the loading rate on the initial
stiffness for embedment lengths of 1.0 m (as shown in Tables and 3.2 and
3.3), and the pull-out force limit due to the tensile strength of CFRP strip.

3.5 Quasi-dynamic pull-out experiments with ac-
tive speed control

In order to investigate the effect of the increased slip rate on the quasi-
dynamic pull-out test results, an additional experimental campaign was ini-
tiated. Four additional specimens were made following the same procedure
as was maintained for the PO-12 specimens in the quasi-dynamic pull-out
campaign (Fig. 3.15), the only difference being the additional cleaning of
the CFRP strips with acetone before installation. The test setup and pro-
cedure remained unchanged, except for the loading protocol, which was
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

software enhanced in order to maintain a steady loaded-end slip rate of 1
mm/s. Three of the specimens (coded PO2-12-SC) were tested with the ac-
tive speed control, whereas the remaining specimen (coded PO2-12) was
tested without active speed control.

3.5.1 Results and discussion

The test results are summarized in Table 3.5. The generalized representation
of the force-slip behaviour was presented in Fig. 3.8.

Table 3.5: Overview results for the active speed controlled quasi-dynamic pull-out
experimental campaign.

Specimen L δi ni Ep ki ni Pmax δL,max Fend δL,end Failure Dam.
mm mm/s kN/mm² kN/mm kN mm kN mm mode* mas.**

PO2-12-SC-1 690 0.99 - 14.7 75.8 7.6 19.7 13.6 CF SP
PO2-12-SC-2 694 1.00 - 13.8 71.8 7.7 17.1 13.5 CF SP
PO2-12-SC-3 693 1.03 212.5 12.6 68.5 6.7 21.8 13.6 CF SP
PO2-12 689 0.90 - 16.6 79.1 7.5 14.4 17.9 CF SP
* IF = Interfacial failure CFRP/adhesive; CF = Cohesive failure
** SP = Masonry splitting over entire length

The failure mechanism observed in the current experimental campaign
was cohesive failure, as limited to none adhesive failure was observed on the
CFRP strip. In all specimens splitting of the masonry prism was observed.

The global force-slip diagrams for the tested specimens, taking into ac-
count both the free end (dashed lines) and the loaded end (solid lines), are
shown Fig. 3.38. It should be noted that for clarity the loaded-end slip is
presented with an initial offset of 10 mm.

Figure 3.38: Global force - (loaded-end) slip behaviour for the specimens in the cur-
rent experimental campaign and the PO-12 specimens from the quasi-
dynamic pull-out experimental campaign.
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The observed difference between the PO-12 specimens and the PO2-12
specimen, all tested following the same loading protocol, was mainly at-
tributed to the difference in CFRP strip preparation. Cleaning the CFRP strip
with acetone prior to installation, which wasn’t applicable for the PO-12
specimens, resulted in a higher pull-out strength (+30%). As the average
curing temperature in the unheated environment, estimated using the the
daily mean ambient temperatures, was around 12 ◦C for the specimens of
both quasi-dynamic experimental campaigns, no significant influences were
expected due to possible curing condition differences for the adhesive.

From Fig. 3.38 it was also observed that the specimens with active speed
control (PO2-12-SC) showed a significant steeper decrease of the pull-out
load in the post peak region, with respect to the specimen with no ac-
tive speed control (PO2-12). A similar phenomena was also observed from
Fig. 3.32, where the predicted F -δ relations using the model also showed
a steeper decrease in the post-peak region when compared to the experi-
mental outcome for the PO-16 specimens. In section 3.3 this difference was
attributed to the non-uniform local slipping speeds and the strain-rate de-
pendent properties of the flexible, visco elasto-plastic adhesive.

The loaded end slip rate δ̇L versus the loaded end slip δL is shown in Fig.
3.39 for the case with active speed control (PO2-12-SC-1) and without active
speed control (PO2-12). A significant difference in the reached maximum
loaded end slip rates were observed with ˙δL,max = 2.6 and 12.8 mm/s for
the specimens with and without active speed control respectively.

Figure 3.39: Loaded end slip rate δ̇L versus the loaded end slip δL with (PO2-12-SC-
1) and without active speed control (PO2-12).

Both the lower-magnitude and narrower region disruption of the loaded
end slip when using active speed control, result in a lower pull-out strength,
lower slip levels and a steeper decrease of the F -δ behaviour in the post-peak
region. This effect of the active speed control is visualized in Fig. 3.40 using
the averaged F -δ relation of the active speed control tested specimens.
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3. Flexible deep mounted CFRP strips: bond-slip behaviour

Figure 3.40: Global force - (loaded-end) slip behaviour for the specimens in the cur-
rent experimental campaign and the PO-12 specimens from the quasi-
dynamic pull-out experimental campaign.

3.5.2 Bond-slip law

The local bond-slip relations and averaged multi-linear τ−δ relation were
obtained using the same procedure as followed in section 3.4. Due to dam-
aged non-embedded strain gauges for specimens PO2-12-SC-1, PO2-12-SC-
2 and PO2-12, a Young’s modulus of 200,000 N/mm² was assumed for the
CFRP strips. The averaged and multi-linearized τ−δ relation (bold solid
line), together with all the obtained τ−δ relations for the PO2-12-SC speci-
mens (grey lines), are provided in Fig. 3.41. Comparing the new averaged
and multi-linearized τ− δ relation for the PO2-12-SC specimens with the
original averaged and multi-linearized τ−δ relation for specimens PO-6-100,
PO-9-100 and PO-12-100 (bold dotted line), it was observed that the most
significant difference between the two averaged and multi-linearized τ−δ
relations is the value for the damage initiation plateau, τ f . As stated earlier,
this difference was attributed to the correct preparation of CFRP strips prior
to installation.

With the partial-interaction model and the new τ−δ relation, F -δ re-
lations were determined for an anchorage length of 690 mm. The results
following from the proposed model showed reasonable agreement with the
experimental outcomes regarding the steep decline in the post-peak phase
(Fig. 3.42). The pull-out strength and residual strength were respectively
over- and underestimated. Reducing the bond strength for the damage ini-
tiation plateau to τ f = 2.7N /mm2 and increasing the residual bond stress
to τr = 0.65N /mm2, resulted in an improved fit with the experimental out-
comes, as shown with the dot-dashed line in Fig. 3.42. Due to the limited
sample size in the current experimental campaign to construct the τ−δ re-
lation, the original bond-slip law developed in the previous section will be
used for modelling purposes in the remaining part of this doctoral research.
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Figure 3.41: Averaged and multi-linearized τ− δ relation (bold solid line) and all
the obtained τ−δ relations for the PO2-12-SC specimens (grey lines),
together with the original averaged and multi-linearized τ−δ relation
for specimens PO-6-100, PO-9-100 and PO-12-100 (bold dotted line).

Figure 3.42: Comparison results model with experimental outcomes. For clarity the
loaded-end slip is presented with an initial offset of 10 mm. The results
using the revised τ−δ relationship are provided with dot-dashed lines.

3.6 Stiff versus flexible adhesive systems: bond
behaviour

Past experimental research into the bond between FRP retrofit of masonry
has focused predominantly on externally bonded strips and to a lesser de-
gree near surface mounted (NSM) strips [54,69]. To the authors’ knowledge,
no tests have been previously undertaken using the deep-mounted arrange-
ment. The NSM arrangement, in which the FRP strip is embedded just below
the surface of the masonry, provides the closest basis for comparisons to the
deep-mounted FRP configuration adopted in the current work.
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From the database reported in Vaculik et al. [54] and supplemented
with recent work [106], a total of 124 tests on the NSM retrofit of clay
brick substrates were compiled across six separate studies [13,21,32,33,40,
106].These tests share the following features:

• All used conventional, stiff adhesives (two-part epoxy);

• All used rectangular CFRP strips;

• Only the tests by Maljaee et al [106] used individual-brick prisms; the
others all used masonry prisms comprising bricks and mortar joints,
same as the present study.

In contrast to the present study where failure occurred mainly by cohe-
sive failure of the adhesive, the predominant mode of failure observed in
the NSM stiff-adhesive tests was cohesive debonding in the masonry sub-
strate (Fig. 3.43), occurring in over 80% of the tests. In the remaining tests,
failure occurred either by sliding at the FRP-to-adhesive interface or rupture
of the FRP. A comparison of the maximum force achieved in the respective
studies is shown in Fig. 3.44. As the dimensions of the CFRP strip varied
among the different studies (Ap = 12–72 mm²), Fig. 3.45 demonstrates the
retrofit efficiency in terms of the ultimate force per unit area of the strip (i.e.
strip stress). It is seen that at the longest bonded length of 1,000 mm, the
flexible-adhesive system achieves both the largest load and stress among the
tests considered.

Figure 3.43: Cohesion debonding forms in the masonry substrate, where the NSM
CFRP strip is installed using a conventional, stiff adhesive [13].
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Figure 3.44: Comparison of stiff-adhesive NSM tests to the present study in terms
of the ultimate force versus the bonded length. Color denotes mode
of failure: blue = cohesive debonding in the brick substrate, green =
adhesive failure, red = FRP rupture.

Figure 3.45: Comparison of stiff-adhesive NSM tests to the present study in terms of
the ultimate strip stress versus the bonded length. Color denotes mode
of failure: blue = cohesive debonding in the brick substrate, green =
adhesive failure, red = FRP rupture.

3.6.1 Bond-slip behaviour

Each of the NSM/stiff-adhesive studies that used masonry prisms [13, 21,
32, 33, 40] extracted the local bond-slip properties using the strain gauge
approach. In each case, the bond-slip behaviour was idealized as bilinear
and ignored any residual friction (τr ) that may have been present. The range
of reported bond-slip properties is summarized in Table 3.6.
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Table 3.6: Bond-slip properties for NSM retrofits of clay brick masonry prisms
strengthened with CFRP strips by means of stiff adhesives (see Fig. 3.29).
Properties τ f , δ1 and δ3 were obtained from the respective sources, and
from these, the fracture energy (G f ) and initial slope (k1) were calculated.
Uniaxial compressive strength ( fc,b ) and flexural tensile strength ( f f l ,b ) of
the brick units are also provided for comparison.

τ f δ1 (= δ2) δ3 G f k1 fc,b f f l ,b

N/mm² mm mm Nmm/mm² N/mm³ N/mm² N/mm²
[32] 12.5 0.25 1.75 10.9 50 - 3.57
[21] 8.2–13.1 0.2–0.4 1.22–1.77 5.3–11.6 33–41 - 3.57
[33] 12.1–14.4 0.30–0.49 1.12–1.30 7.3–9.0 25–41 - 4.74
[40] 13.8–15.2 0.32–0.55 1.42–1.97 10.5–15.0 26–46 - 3.41
[13] 16.5 0.37 0.68 5.6 45 17.1 2.60

In Fig. 3.46, the bilinear bond-slip relationships reported for stiff-adhesive
retrofits are compared graphically to the flexible-adhesive system in the
present study. The latter is represented using both a trilinear and bilin-
ear (δ1 = δ2 in Fig. 3.29) idealization. To benchmark the stiff-adhesive
system behaviour against the masonry mechanical properties in the current
study, the expected bond-slip behaviour was predicted using the model by
Kashyap et al. [40], and is plotted in Fig. 3.46 as a dashed line. These
predictions are based on Eq. 3.18 and Eq. 3.19, where ϕ f is the depth-to-
width aspect ratio of the failure plane, f f l ,b is the flexural tensile strength
of the substrate (modulus of rupture), and c is a correction factor taken as
0.84 to provide better fit between the model and the current experimen-
tal database [54]. The correction factor c was tuned by re-calibrating the
model proposed by Kashyap et al. [40] using the more recent and extensive
experimental database of NSM tests reported in Vaculik et al [54] to provide
better agreement between the measured and predicted Pmax values. This
re-calibration was simplified in that only the factor c as presented in Eqs.
3.18 and 3.19 was calibrated, and the other factors and exponents in these
equations were kept as per Kashyap et al. [40] original values. This is tan-
tamount to re-calibrating the fracture energy (product of τ f and δ f ), while
keeping the critical length (resulting from the quotient τ f /δ f ) as per the
original calibration.

τ f = c ·8.83ϕ0.15
f f 0.2

f l ,b (3.18)

δ f = c ·0.45ϕ0.23
f f 0.74

f l ,b (3.19)

In the predictions, f f l ,b was calculated using the formula f f l ,b = 0.53
√

fc

as used in Kashyap et al. [40]. The predicted bond-slip behaviour is compa-
rable to that reported in the individual test studies as seen in Fig. 3.46. The
main observation are:
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3.6 Stiff versus flexible adhesive systems: bond behaviour

Figure 3.46: Comparison of the local bond-slip behaviour of the stiff-adhesive NSM
systems to the flexible-adhesive system in the current study.

• The stiff-adhesive systems achieved considerably higher peak shear
stress, τ f , (8.2–16.5 MPa) than the flexible-adhesive system in the
present study (2.2 N/mm²). This can be explained by the fact that in
the flexible-adhesive tests, the mechanism of local bond stress transfer
was limited by the cohesive strength of the adhesive, whereas in the
stiff-adhesive tests the adhesive was sufficiently strong so that failure
was governed by the cohesive strength of the brick units. This is con-
sistent with the mode of failure generally observed in the respective
tests.

• Conversely, the flexible-adhesive system achieved a much larger ulti-
mate debonding slip of 11.6 mm compared to 0.68–2.0 mm for the
stiff-adhesive systems.

• Despite having a lower τ f , the flexible-adhesive system was still able
to achieve an overall higher fracture energy, G f , (16.9 Nmm/mm²)
than the stiff-adhesive systems. For the latter, the reported fracture
energy ranges from 5.3 to 15 Nmm/mm² with a mean value of 9.7
Nmm/mm². Importantly, the debonding force that can be developed
over a sufficiently long bonded length is controlled by the G f term
rather than the peak stress τ f , through the Eq. 3.20, which is based
on partial-interaction theory (e.g. [107]), where Lper is the perimeter
of the failure plane and the other variables are as defined previously.

F∞
u =

√
2G f Ep Ap Lper (3.20)
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The contrasting local behaviour of the flexible-adhesive system in the
present study (low τ f , high δ3) versus stiff-adhesive systems (high τ f , low
δ3), means that the critical bonded length (Lcr i t ) needed to achieve the full
debonding force is much longer for a flexible system. This is evident from
the closed-form solution for Lcr i t given by Eq. 3.21, which is ‘exact’ for an
idealized linear-descending (δ1 = δ2 = 0) bond-slip with zero residual stress
(e.g. [107]), where it is seen that the ratio δ3/τ f is the controlling parameter.

Lcr i t = π

2

√
δ3

τ f
· Ep Ap

Lper
(3.21)

3.6.2 Force-slip behaviour

The predicted global force-slip behaviour of the flexible-adhesive and stiff-
adhesive systems are provided in Fig. 3.47 and Fig. 3.48 respectively. Both
sets of predictions assume the use of a retrofit configuration identical to the
current study in terms of strip arrangement and bonded lengths, but differ in
their local bond-slip properties. In each case, the τ-δ relationship is modelled
as bilinear with a residual friction component: the flexible-adhesive system
was modelled with τ f = 2.63 N/mm², δ3 = 11.6 mm, δ1 = 4.0 mm, and τr

= 0.4 N/mm² as a bilinear representation of the multi-linear rule fitted in
Fig. 3.46; and the stiff-adhesive system with τ f = 12.20 N/mm², δ3 = 1.30
mm, δ1 = 0.31 mm, and τr = 0.4 N/mm², where τ f and δ f were obtained
using the Kashyap model (Eqs. 3.18 and 3.19), and δ1 was obtained by
taking the initial slope k1 = 40 N /mm3 (Table 3.6). The force-slip solutions
plotted in Figs. 3.47 and 3.48 were computed using the method described
in Vaculik et al. [105].

Figure 3.47: Theoretical force-slip behaviour of the flexible-adhesive system.
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Figure 3.48: Theoretical force-slip behaviour of stiff-adhesive systems.

The full debonding force F∞
u calculated using Eq. 3.20 is 63.9 kN for

the stiff system and 88.7 kN for the flexible system. Additionally, the critical
bond length, Lcr i t , for a bilinear-frictional system was calculated in accor-
dance with the definition and method provided in Vaculik et al. [105] as 171
mm (equivalent to a 2.7 brick-tall prism) and 1200 mm (21 brick prism) for
stiff and flexible adhesive systems, respectively. These comparisons demon-
strate that flexible adhesives are a viable alternative to conventional stiff
adhesives for FRP strengthening of masonry. Among the indicated advan-
tages of using a flexible-adhesive system with respect to out-of-plane wall
strengthening are:

• Higher interfacial fracture energy G f leading to increased wall strength
capacity;

• Increased wall displacement capacity arising from higher local slip ca-
pacity δ3; and

• Larger slip capacity at damage initiation, δ1, leading to increased wall
displacement capacity at the onset of irreversible damage to the retrofit.

3.6.3 Shear stress distribution

The shear stress distribution over the critical embedded length is provided
in Fig. 3.49 for both the stiff adhesive system (dashed line) and a flexi-
ble adhesive system (solid line). For this comparison the tensile strength
of the CFRP strip was neglected, and the possible under-utilisation of the
stiff adhesive material and the initiation of premature brick splitting due
to a deep groove depth [13] was excluded. Where a the stiff adhesive
system shows shear stress concentrations over a limited embedded length
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(τ = 2.4−12.2 N /mm2), the flexible adhesive shows a nearly uniform distri-
bution (τ= 0.4−2.3 N /mm2). The nearly uniform distributed low-magnitude
bond stresses over the embedded length achieved when using a flexible ad-
hesive prove to be crucial in preventing cohesive debonding in the masonry
substrate, and thus ruling-out under-utilization of the CFRP.

Figure 3.49: Shear stress τ over the critical embedded length (x) at maximum pull-
out force for a stiff adhesive system (dashed line) and a flexible adhesive
system (solid line).

3.7 Conclusions

An experimental program was undertaken to assess the pull-out behaviour
of deep-mounted CFRP strips bonded with a flexible, visco-elasto-plastic ad-
hesive to clay brick masonry. The direct pull-out test was used for the eval-
uation of the bond-slip behaviour of the embedded CFRP strips.

Multiple bond stacked masonry prisms with an FDM CFRP strip and an-
chorage length of 1.0 m were tested. With this quasi-dynamic experimental
campaign, using a machine displacement rate of 0.5 mm/min for loading
the specimens, the following conclusions were drawn:

1. For all the quasi-static loaded specimens, a combined CFRP/adhesive
interface failure and cohesive failure of the adhesive was the pre-
dominant failure mechanism.

2. Despite a groove depth of 65 mm, premature brick splitting was not
observed. This observation was contradictory to the findings of a sim-
ilar research [13], where pre-mature brick splitting was observed dur-
ing the pull-out tests using a conventional stiff adhesive with a groove
depth of only 30 mm. The prevention of the premature failure mecha-
nism was linked to the application of a more flexible adhesive.
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3. Both considered surface treatment methods, sand-blasting of the CFRP
strip and combined roughening of and adding a primer layer to the
CFRP strip, provided a higher strength in terms of pull-out resistance
with respect to the smooth CFRP strip surface. Despite the slight in-
crease in pull-out resistance, this advantage does not outweigh the
costs and time needed for both surface treatment methods.

4. Widening the groove width from 10 mm to 15 mm did not result in a
higher pull-out resistance and corresponding loaded end slip.

5. Replacing the standard adhesive with an even more flexible alternative
did not lead to an increase of system performance in terms of both
pull-out resistance and stress distribution.

From the quasi-dynamic experimental campaign, where FDM CFRP strips
with anchorage lengths of 0.34 m, 0.53 m, 0.73 m and 1.0 m were tested
with loading rates varying from 5 mm/min to 100 mm/min, the following
conclusions were drawn:

6. Increasing the machine displacement rate from 0.5 mm/min (δ̇L,i ni ≈
0.004 mm/s as maintained in the quasi-static experimental campaign)
to 100 mm/min (δ̇L,i ni ≈ 1.0 mm/s) led to an increase of 67% in pull-
out strength for an embedment length of 1.0 m. A strong logarithmic
correlation (R2 = 0.93) was found for the relation between strength
and displacement rate. Additionally the governing failure mechanism
shifted from cohesive failure to CFRP strip rupture. The latter was
applicable to two of the three specimens with an embedment length of
∼ 1.0 m.

7. Testing the pull-out behaviour of systems that include visco-elasto-
plastic components should be conducted at a loading rate that is rep-
resentative for the practical application of the system.

8. Keeping the machine displacement rate constant at 100 mm/min (δ̇L,i ni

≈ 1.0 mm/s) and varying the embedment length, shifted the govern-
ing failure mechanism from CFRP strip rupture (L ≈ = 1.0 m) to co-
hesive failure in the adhesive (L < 1.0 m). A very strong linear cor-
relation (R2=0.92) was found for the relation between embedment
length and pull-out strength, up to the critical embedment length of
approximately 1.0 m.

9. Brick splitting was observed when the CFRP/adhesive interface en-
tered the damage initiation phase. For specimens that were governed
by cohesive failure, the complete specimen showed splitting. For the
specimens with CFRP rupture, the splitting was limited to the bonded
length where the CFRP/adhesive interface entered the damage initia-
tion phase.
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10. The increase in local bond strength towards the free end of the speci-
men was attributed to the non-uniform slip rate throughout the experi-
ment. The slip-rate was disrupted by the finite stiffness of the machine,
the threaded rods (used to connect the restraint plate to the base of
the machine) and the CFRP strip between the masonry and the grips
of the machine. The relaxation of the aforementioned elements during
the post-peak region caused a significant noise in the slip rate over the
entire embedment length, particularly at the free-end side.

11. Based on the readings of the strain gauges on the embedded CFRP
strip, multiple tri-linear local bond-slip relations were obtained for
specimens that were subjected to a 100 mm/min machine displace-
ment rate. The separate bond-slip relations were averaged to obtain
a universal local bond-slip law. For the averaged tri-linear local bond-
slip behaviour the interfacial fracture energy was determined at 16.9
Nmm/mm².

12. Using the averaged multi-linear local bond-slip model as a part of a
partial-interaction analysis led to a good agreement with experimental
results for embedment lengths of 0.34 m, 0.53 m and 0.73 m. For
an embedment length of ∼ 1.0 m, the agreement was good for the
pre-peak phase. In the post-peak phase, the proposed model showed
a reduced post-peak behaviour and stronger decline when compared
to the experimental results. This deviation was attributed to the non-
uniform slip rate during the experiment and the visco-elasto-plastic
properties of the adhesive.

13. During a seismic event higher loading rates of an FDM CFRP strip
could occur than maintained in the presented experimental campaign.
Even for higher loading rates the validity of the proposed averaged
multi-linear local bond-slip law for determining the force and loaded
end slip relationship is expected to remain unaffected.

Additionally, a comparison was made between the system tested in this
part of the research and a database consisting of 124 tests on near-surface-
mounted (NSM) retrofits of clay brick substrates using a conventional stiff
adhesive. From this comparison, considering both bond-slip and force-slip
behaviour, the following conclusions can be drawn:

13. Stiff-adhesive systems were able to achieve considerably higher peak
shear stresses (8.2–16.5 N/mm²) than the flexible-adhesive system
used in the present study (2.2N/mm²). Conversely, the flexible-adhesive
system achieved a much larger ultimate debonding slip of 11.6 mm
compared to between 0.68–2.0 mm for the stiff-adhesive systems. De-
spite having a lower peak bond stress, the flexible-adhesive system
was still able to achieve an overall higher fracture energy (16.9 Nm-
m/mm²) than the stiff-adhesive systems (mean 9.7 Nmm/mm²).
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14. The debonding force that can be developed over a sufficiently long
bonded length is controlled by the fracture energy (flexible adhesive)
rather than the peak stress (stiff adhesive). The estimated critical bond
length is 1200 mm (equivalent to a 21 brick prism) for the flexible-
adhesive system tested, and 171 mm (equivalent to roughly a three
bricks long prism) for an equivalent retrofit with stiff adhesive.

15. The nearly uniform distributed low-magnitude bond stresses over the
embedded length achieved when using a flexible adhesive prove to
be crucial in preventing cohesive debonding in the masonry substrate,
and thus ruling-out under-utilization of the CFRP.
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Chapter 4
Flexible deep mounted CFRP
strips: out-of-plane behaviour

This chapter discusses the cyclic out-of-plane (OOP) behaviour of vertically
(one-way) spanning masonry walls retrofitted with flexible deep mounted
(FDM) CFRP strips by means of an extensive experimental program. An
overarching objective of this study was to verify the effectiveness of the pro-
posed retrofit system. An additional objective of this research was to validate
the engineering model proposed for FDM CFRP retrofitted walls. Further-
more, the validity of the proposed bond-slip laws for FDM CFRP strips were
assessed for flexural, rather than uni-axial tensile, loading conditions. Fi-
nally, the OOP behaviour of CFRP strip retrofitted masonry walls are com-
pared for both the stiff and the flexible adhesive system. This chapter is
mainly based on [77].

4.1 Full-scale experimental program

4.1.1 Building the specimens

The wall specimens for the full-scale out-of-plane experimental program
were built and tested in the Structures Laboratory of Eindhoven University of
Technology. A total of nine specimens were constructed of which three spec-
imens remained unreinforced and functioned as control specimens while
six specimens were reinforced with FDM CFRP strips. The specimens were
each constructed on a steel plate by an experienced mason to ensure com-
pliance to good construction practices. The steel plate functioned as a base
for the specimens and allowed for a connection between the test setup and
the specimen. On top of the steel plate a first layer of bricks was glued with
a high performance epoxy on which the actual masonry specimen was con-
structed. The glued layer of bricks functioned as a foundation for the wall.
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

The masonry walls were nominally 2750 mm high, 965 mm long and had a
thickness of 95 mm (tw ). Based on the observed level of bed-joint coverage,
the effective wall thickness (tw,e f f ) was estimated at 90 mm. The mortar for
the wall specimens was prepared in the laboratory and the walls were built
in running bond. Both the bed and head joints had a nominal thickness of
12 mm. All walls cured in laboratory environment (17-20 °C) for at least 28
days prior to strengthening.

A total of six walls were reinforced with two FDM CFRP strips each, fol-
lowing the installation procedure mentioned in 1.4. A schematic overview
of the reinforced specimens is provided in Fig. 4.1. The CFRP strips were
prepared prior to the installation process. Strain gauges (type PFL-10-11,
foil strain gauges having polyester resin backing) were attached to alternat-
ing sides (to minimize asymmetry effects) of the CFRP strips with a constant
inter distance of approximately 310 mm, starting 95 mm from the top side
of the specimen. The locations of the strain gauges are provided in Fig 4.1.

Polymer-mod. mortar

Figure 4.1: Schematic overview of a FDM CFRP strip retrofitted specimen.
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4.1 Full-scale experimental program

4.1.2 Test setup

When characterizing the out-of-plane seismic behaviour of walls through a
quasi-static bending test, researchers generally endeavor to apply (as close
to) uniformly distributed loads on the wall surfaces, trying to simulate iner-
tia forces developed under seismic actions [108]. The testing technique that
is applied for this kind of tests generally consists of air-bags for applying the
face load in addition to load cells to monitor the applied forces. Previous
experiments by researchers have proven the successfulness of this testing
technique for both monotonic [109, 110], one-directional cyclic [111] and
reversed-cyclic loading [112–114]. This test methodology allows for a closer
approximation to the distribution of seismic loads, which are mass propor-
tional, compared to a test method which uses multiple line loads. However,
a disadvantage of using air-bags for reversed-cyclic bending tests is the dif-
ficulty of visual inspection of damage evaluation in specimens during tests,
because both wall surfaces are covered with air-bags. Moreover, careful in
and deflating of air-bags during reversed-cyclic bending tests makes this test-
ing method only suitable for low speeds. In the testing program reported in
this study it was considered important that the test setup was able to load
the specimens with higher rates, such that similar CFRP strip loading rates
were obtained as maintained in the previous experimental campaigns on the
high-speed pull-out behaviour of FDM CFRP strips (Chapter 3). Because a
traditional air-bag setup for cyclic out-of-plane bending tests can only be
performed at low loading rates, the air-bag setup was not suitable for this
research. Despite being one of the most widely used techniques to assess
the seismic performance of (sub)structures, the shaking table was also not
considered. The main objective of shaking table tests is to understand the
dynamic (damage) characteristics of a (sub)structure. As limited knowledge
is available regarding the behaviour of FDM CFRP retrofitted masonry walls,
conducting a dynamic test would result in too many parameters and too
many unknowns.

Due to the limitations of both afore-mentioned out-of-plane testing meth-
ods within the scope of this research, a new four or six point-bending test
setup using line-loads was adopted for cyclic quasi-dynamic testing with
loading rates up to 30 mm/s. Even though line loads can be an adequate
loading system, they have their limitations such as affecting the localization
of the cracks: different results can be obtained based on a different position
and/or number of applied line loads. These possible limitations were closely
monitored during the experimental campaign presented in this chapter. The
quasi-dynamic out-of-plane experiments were an intermediate step towards
shaking table tests.

The test setup used in this experimental campaign is depicted in Fig.
4.2. Details of the loading beams and the boundary conditions at the top
and bottom of the wall are provided in Fig. 4.3.
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

Figure 4.2: Test setup for the full-scale out-of-plane experimental campaign.

Figure 4.3: Detail photos of the setup: Loading beam for the 6-point bending con-
figuration (left), top boundary condition of the wall (upper left), bottom
boundary condition of the wall (bottom left).
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4.1 Full-scale experimental program

After having cured for a sufficient time, the wall was positioned in the
test setup. A schematic overview of the test setup is provided in Fig. 4.4. The
bottom steel plate on which the specimen was built, was bolted to the base
of the test setup. Subsequently, the wall was provided with a gypsum layer
at the top to prevent peak stress concentrations, after which the vertical load
was applied on top of the specimen using dead weight in the form of a steel
beam, which simulated a stiff slab boundary condition. When the wall would
start to displace in the opposite directions, the position of the load transfer
point between the vertical load and the wall specimen therefore would shift
due to the rotation of the top of the wall. This way, the axial load was always
positioned at the upward-displaced point of the top of the wall specimen, as
illustrated in Fig. 4.5. Steel blocks on both faces of the wall, restrained the
top side of the wall over the entire length against sliding. At the bottom-side
thin steel plates were positioned at the first course from below, again over
the entire length of the wall (Fig. 4.3), to prevent sliding of the wall.

Figure 4.4: Schematic overview test setup for full-scale out-of-plane experimental
campaign: four line-load configuration

Hereafter the horizontal loading equipment was attached to the speci-
mens. All URM-specimens as well as three strengthened specimens were
tested using four line loads (Fig. 4.4). Three of the remaining strengthened
specimens was tested with the two line load configuration, for which the
partial schematic overview is provided in Fig. 4.6. The horizontal force was
generated by an electric actuator with a maximum capacity of 15.6 kN and
maximum speed of 250 mm/s. The horizontal force generated by the actu-
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

Figure 4.5: Position axial load on top of the wall specimen.

ator was transferred through a horizontal beam, which had roller supports
on the top and bottom surface. This was done with the purpose of allow-
ing lateral movement with low friction, and restraining the horizontal beam
against rotation. The end of the horizontal beam was connected to a primary
spreader beam (steel) using an elastic hinge. In case of the 6-point bend-
ing configuration a counterweight was used to balance the primary spreader
beam and to ensure that minimal vertical load was applied on the specimens
due the self-weight of the force distribution mechanism. At both ends of the
primary spreader beam a load cell was installed, LC-2 (bottom) and LC-3
(top) to measure the exerted lateral force. Both the LC-2 and LC-3 load
cells were in turn connected to a secondary spreader beam (aluminum) us-
ing a hinge. This spreader beam was used to divide the load generated by
the actuator into two equal loads. At both ends of the spreader beam, solid
aluminum plates were attached using an elastic hinge. The end of the solid
aluminum plates was hingedly connected with steel u-profiles, which were
used to transfer the lateral forces in the form of line loads onto the specimen
via a single row of bricks. These steel profiles were in turn clamped onto
the specimen, in order to be able to subject the specimens to reversed-cyclic
loading. A layer of granulated rubber was applied in between these steel
profiles and the specimen to prevent peak stresses at these points.

Figure 4.6: Partial schematic overview two line-load configuration.
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4.1 Full-scale experimental program

A total of seven LVDT’s were used, of which two were used to measure
the uplift at the topside (LVDT-1 and LVDT-2), two were used to measure
the uplift at the bottom side (LVDT-4 and LVDT-5), two were used to mea-
sure the horizontal displacement at the top and bottom (respectively LVDT-3
and LVDT-6) and one was used to measure the vertical uplift of the vertical
loading beam (LVDT-7). Five draw wire sensors (DWS) with a measurement
range of 500 mm measured the out-of-plane deformations at different loca-
tions over the height of the specimens. The mid-span displacement of the
specimens was obtained using draw wire sensor DWS-3. Four rotation sen-
sors were applied to measure rotations at different locations over the height
of the specimens. Data was collected at a frequency of 20 Hz using a com-
puterized data acquisition system.

4.1.3 Loading procedure

Eight of the nine specimens were burdened with a vertical compressive force
of 4.8 kN (i.e. a compressive stress of approximately 0.05 N/mm²). To in-
vestigate the influence of the level of vertical stress, additional steel beams
were stacked on top of the beam acting as dead weight to increase the ver-
tical compressive force to 20 kN (i.e. a compressive stress of approximately
0.22 N/mm²). This increased axial load was only applicable to one strength-
ened wall specimen.

Each wall was tested in displacement control, with cycles of increasing
amplitude. Each cycle was composed by two runs, a run being the time
needed to apply the maximum positive and negative target displacement
starting and ending at zero displacement [115], as illustrated in Fig. 4.7.

For the URM walls, the loading procedure consisted of a single stage.
The target displacement (actuator stroke) was increased with increments of
2.5 mm after completing a single cycle, with an actuator speed of 2.0 mm/s.
This continued until a ultimate target displacement of 95 mm.

For the STRIP specimens, the loading procedure consisted of two stages,
as illustrated in Fig. 4.7. Similar to the URM loading procedure, the target
displacement initially increased with increments of 2.5 mm after each com-
pleted cycle, with an actuator speed of 2.0 mm/s. This protocol (Stage I)
continued until a target displacement of 27.5 mm. Starting from a target
displacement of 30 mm (Stage II), the target displacement increment was
increased to 5 mm. The loading procedure ended when the target displace-
ment reached 210 mm or when the lateral load resistance of the specimen
decreased to nearly 0 kN. The loading rate for stage II was selected such that
the strain rate of the embedded CFRP strips were magnitude-wise similar
to the strain rate used in the quasi-dynamic pull-out campaign presented in
Chapter 3. The actuator speed during Stage II was initially set to 40 mm/s.
However, due to the limitation of the electric actuator the test malfunctioned
multiple times during the testing of specimen STRIP-1. Therefore all other
STRIP specimens were tested using an actuator speed of 20 mm/s.
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

The main reason why a loading phase with a lower loading speed (Stage
I) was implemented for the strengthened specimens, was to prevent the
initiation of dynamic effects for the smaller displacement amplitudes. Since
the URM walls were expected to have limited to viscous materials properties,
the loading rate will have no significant influence on the URM specimens.

The loading speed for all specimens, during both test stages is provided
in Table 4.1. The draw-wire sensor located at mid-height of the specimens
(DWS,3) was used to determine the loading speed at mid-height of the spec-
imens.

Figure 4.7: Loading protocol.

Table 4.1: Loading speed: actuator and specimen at mid-height.

Specimen Stage I Stage II
Actuator Specimen* Actuator Specimen*
(mm/s) (mm/s) (mm/s) (mm/s)

URM-1 2 1.87 - -
URM-2 2 1.49 - -
URM-3 2 1.78 - -
STRIP-1 2 1.45 40 30.84
STRIP-2 2 1.41 20 15.23
STRIP-3 2 1.47 20 15.51
STRIP-4 2 1.04 20 15.98
STRIP-5 2 1.03 20 16.05
STRIP-6 2 1.01 20 16.67
* Specimen displacement at mid height.

4.1.4 Processing the measurements

The processing of the gathered data was done by using a simplified mechan-
ical representation of the wall, as provided in Fig. 4.8. Using the measure-
ments of the five draw wire sensors and the displacement boundary con-
ditions at the top and bottom of the wall (δ (0) = δ (hw ) = 0), a quartic (4th
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order) polynomial was constructed for the out-of-plane displacement of the
wall as a function of the height. This polynomial is shown in Eq. 4.1, where
x is height position with respect to the top of the wall, as shown in Fig. 4.8.

Figure 4.8: Mechanical model for processing the measurements.

Using the polynomial from Eq. 4.1, the curvature over the height of the
wall was determined using Eq. 4.2. The moment around the bottom hinge,
assumed at the edge of the footing of the wall, is provided with Eq. 4.3.

δqp (x) = p1x4 +p2x3 +p3x2 +p4x +p5 (4.1)

κqp (x) =
d 2δqp

d x2(
1+

(
dδqp

d x

)2
) 3

2

(4.2)

1

2
F · hw = Rtop · hw +

n∑
i=1

Wi

(
tw

2
−δqp,i

)
(4.3)
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Rewriting Eq. 4.3 results in the lateral reaction force at the top (Rtop) as
shown in Eq. 4.4. The lateral moment in element k follows from Eq. 4.5 in
case of four line load. With two line loads, the lateral moment for element
k is obtained using with Eq. 4.6.

Rtop = 1

2
F + 1

hw

n∑
i=1

Wi

(
δqp,i − tw

2

)
(4.4)

Ml ater al ,k =



x ·Rtop i f x ≤ 1
8 hw

x ·Rtop − 1
4 F

(
x − 1

8 hw
)

i f 1
8 hw < x ≤ 3

8 hw

x ·Rtop − 1
4 F

(
2x − 1

2 hw
)

x ·Rtop − 1
4 F

(
3x − 9

8 hw
)

x ·Rtop − 1
4 F (4x −2hw )

i f 3
8 hw < x ≤ 5

8 hw

i f 5
8 hw < x ≤ 7

8 hw

i f x > 7
8 hw

(4.5)

Ml ater al ,k =


x ·Rtop i f x ≤ 3
8 hw

x ·Rtop − 1
2 F

(
x − 3

8 hw
)

i f 3
8 hw < x ≤ 5

8 hw

x ·Rtop − 1
2 F (2x −hw ) i f x > 5

8 hw

(4.6)

The moment due to the second order effects for element k, described
from the mid-axis, was obtained using Eq. 4.7, where Wi is the weight of a
single row of masonry.

M2nd or der,k =Vtop

(
δqp,k −

tw

2

)
+

k−1∑
i=1

Wi
(
δqp,k −δqp,i

)
(4.7)

The total internal moment around the mid-axis of the wall, in the de-
formed state follows from

Mi nter nal ,k = Ml ater al ,k +M2nd or der,k (4.8)

Using the measurements of the strain gauges on the CFRP strips, an-
other quartic polynomial was constructed for the strain distribution over the
length of the CFRP strip. This polynomial is shown in Eq. 4.9, where x is
again the height position with respect to the top of the wall.

εqp = p1x4 +p2x3 +p3x2 +p4x +p5 (4.9)

The stress in the CFRP strip follows from Eq. 4.10, where Ep is the
Young’s modulus of the CFRP strip.

σp (x) = Ep ·εqp (x) (4.10)
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4.1 Full-scale experimental program

Hysteretic damping

Hysteretic damping
(
ξhy st

)
represents a measure of the dissipative capacity

of structures in the inelastic range. Energy dissipation through hysteretic
damping is of crucial importance in the analysis of the seismic performance
of structures during a seismic event. The equivalent hysteretic damping
values for the specimens tested within this experimental campaign were cal-
culated using the area-based method, typically attributed to the work of Ja-
cobsen (1930), following Eq. 4.11, where Ur un is the area enclosed within
the hysteresis loop and Ubox is the area inside the loop’s bounding box as
shown in Fig. 4.9. The other parameters presented in Fig. 4.9 are the
lateral resistance (Pmax ), the corresponding moment (Mmax ) and mid-span
displacement

(
δDW S,3,max

)
, the lateral load at the end of the test (Fu), the

corresponding moment (Mu) and mid-span displacement
(
δDW S,3,u

)
.

Figure 4.9: Global force – mid-span displacement behaviour. The backbone curve
and one complete run are provided by solid and slim black lines respec-
tively. Ur un is the area enclosed within the hysteresis loop and Ubox is
the area inside the loop’s bounding box

The energy Ur un dissipated during a cycle is evaluated by the integral
provided in Eq. 4.12, where t1 is the time at start of the cycle and t2 the
time at the end of the cycle. The area Ubox inside the loop’s bounding box
is determined in accordance with Eq. 4.13. It should be noted that in the
calculation of ξhy st , the energies Ur un and Ul oop were determined based on
the wall’s mid-span displacement δDW S,3.

ξhy st =
2

π

Ur un

Ubox
(4.11)
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Ur un =
∫ t2

t=t1

FδDW S,3 (4.12)

Ubox = [
max

(
δDW S,3 (t1 : t2)

)−mi n
(
δDW S,3 (t1 : t2)

)]
× [max (F (t1 : t2))−mi n (F (t1 : t2))]

(4.13)

Initial and effective stiffness

From the force displacement relationship per half run, both the initial stiff-
ness (ki ni ) and effective stiffness

(
ke f f

)
of the tested walls were determined.

A half run was defined as the loading and unloading path in either the push
or pull direction, as represented by the grey shaded area in Fig 4.10. Both
the initial and effective stiffness were determined for both the push and pull
direction per run.

Figure 4.10: Initial and effective stiffness per half run.

The initial stiffness of the wall, ki ni , was taken as the slope of the F -
δ loading branch within the displacement range δDW S,3=[-2.5mm,2.5mm].
The value of the slope was calculated by fitting a linear regression through
the data points. The effective secant stiffness of a half run was determined in
accordance with Eq. 4.14 obtained from [113], using the target isplacement
δDW S,3,r un and corresponding lateral force F

(
δDW S,3,r un

)
.

ke f f =
F

(
δDW S,3,r un

)
δDW S,3,r un

(4.14)
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Load transferred from CFRP to masonry

The load Fp,m,i is transferred from the CFRP strip into the masonry (for
a specific region) by the interface shear stresses that develop due to bond
between the CFRP strip and the masonry, as illustrated in Fig. 4.11. This
load Fp,m is determined using the absolute difference in strain between two
sequential strain gauges positions, per Eq. 4.15. The load F̄p,m , being the
average load per unit length between two sequential strain gauges positions,
is determined using Eq. 4.16.

Fp,m,i [xSG ,i , xSG ,i+1] = bp tp Ep
∣∣εSG ,i+1 −εSG ,i

∣∣ (4.15)

F̄p,m,i [xSG ,i , xSG ,i+1] = Fp,m,i

xSG ,i+1 −xSG ,i
(4.16)

Figure 4.11: Illustration of the CFRP strip force Fp (x) over the height, and the force
Fp,m transferred from the CFRP strip to the masonry.
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4.2 Test results and discussion

The test results of the experimental campaign on the OOP behaviour of
(FDM CFRP strip retrofitted) vertically spanning masonry walls are summa-
rized in Table 4.2, with the following nine measured or derived parameters:

• Lateral resistance (Pmax ), the corresponding moment (Mmax ) and mid-
span displacement

(
δ3,max

)
;

• Lateral load at the end of the test (Fu), the corresponding moment
(Mu) and mid-span displacement

(
δ3,u

)
;

• Maximum stresses in both the left
(
σmax,L

)
and right

(
σmax,R

)
CFRP

strip; and

• Tensile utilization (ΦC F RP ) for the CFRP strip, with respect to the ten-
sile strength of 2880 N/mm².

All the parameters are presented as absolute values for both the posi-
tive and negative displacement direction. A generalized representation of
the backbone and envelope curves are shown in Fig. 4.9. All mentioned
parameters will be covered in the following sections.

4.2.1 Moment-displacement behaviour

The global mid-height lateral moment-displacement diagrams for the tested
specimens, are shown Fig. 4.12 (URM), Fig. 4.13 (STRIP-1-2-3) and Fig.
4.14 (STRIP-4-5-6). Per graph, the grey line represents the individual cy-
cles, whereas the bold black lines highlight the backbone curve. The bold
grey lines represent the first cycles with 50 mm and 100 mm target displace-
ment for the URM and STRIP specimens respectively. The final cycles are
highlighted by the dotted bold grey lines.

Figure 4.12: Moment – mid span displacement plots of specimens URM-1 (a), URM-2
(b) and URM-3 (c).
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

Figure 4.13: Moment – mid span displacement plots of specimens STRIP-1 (a), STRIP-
2 (b) and STRIP-3 (c).

Figure 4.14: Moment – mid span displacement plots of STRIP-4 (a), STRIP-5 (b) and
the wall tested with a higher axial load V =20 kN: STRIP-6 (c).

The backbone curves of the lateral moment - mid span displacement
for all the URM specimens, and the STRIP-2, STRIP-3, STRIP-4 and STRIP-
5 specimens are shown together in Fig. 4.15. Due to the strong asymmetric
behaviour of STRIP-1, caused by erroneous CFRP positioning (explained in
section 4.2.3, the corresponding envelope curve was not included.

The average moment capacity of the URM specimens, leaving out the
push side of URM-1, was 0.78 kNm. The push-side of URM-1 was not in-
cluded due to the incorrect application of the gypsum layer on top of the
specimen, leading to a non-uniform compression zone, and thus causing a
difference in eccentricity of the axial load during hinge formation at the top
of the specimen. The resistance reached nearly zero when the mid span
displacement

(
δDW S,3

)
reached the nominal wall thickness. Unanticipated

hick-ups were observed towards the end of the pull cycles for specimens
STRIP-2 and STRIP-3 (Fig. 4.13). These were attributed to the unexpected
scraping of the profile that was clamped on the specimen (2nd from top) to
the steel frame at the right side of the wall. Traces of scraping on the steel
frame were observed after the experiment.
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4.2 Test results and discussion

Figure 4.15: Backbone lateral moment – mid span displacement plots of all URM and
STRIP-2-3-4-5 specimens.

The average moment capacity of the STRIP specimens with an axial load
of 4.8 kN, leaving out STRIP-1 due to the asymmetric behaviour, was found
to be 1.82 kNm. The moment capacity of the URM wall (with 4.8 kN ax-
ial load) is increased with 133% with the installation of the flexible deep
mounted CFRP strips. The mean displacement

(
δ3,max

)
corresponding to the

maximum lateral resistance increased roughly with a factor 90 from 2.1 mm
(URM-2 and URM-3) to 186.7 mm (STRIP-1 until STRIP-5). Due to the limi-
tations of the actuator stroke, the instability displacement of the retrofitted
specimens with low axial load could not be determined. For STRIP-6, the
specimen with an axial load of V = 20 kN, the instability displacement was
estimated at roughly 200 mm by extrapolating the backbone curve. Due to
the high axial load on specimen STRIP-6, the tensile forces from the CFRP
strips were predominately countering the second order effects rather than
increasing the lateral moment resistance.

4.2.2 Failure mechanisms and damage to masonry

The crack patterns that occurred in the URM and STRIP specimens are pro-
vided in Figs. 4.16 and 4.17 respectively. In fixed-fixed cases, the rocking
mechanism develops after cracking at the wall top, usually the weakest sec-
tion due to the lower axial load, followed by cracking at the bottom and
finally at the wall mid-height [116]. Since there was no bond present be-
tween the (gypsum capped) top of the specimens and the beam exerting
the vertical load, the first full crack developed at at the bottommost mortar
bed joint for all specimens except STRIP-3. The second and final bed joint
crack occurred at mid-height of the URM specimens, above the 23r d , 28th

and 24th layer for the URM-1, URM-2 and URM-3 specimens respectively. A
two-block rigid body behaviour was initiated after the mid-height crack.
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Figure 4.16: Schematic overview of the crack pattern of the URM specimens in the
full-scale out-of-plane experimental campaign.

Figure 4.17: Schematic overview of the crack pattern of the STRIP specimen in the
full-scale out-of-plane experimental campaign.

Multiple bed joint cracks over the height of STRIP specimens were formed,
ranging from 14 to 20 in total. The distance between the bed joint cracks
was predominantly a single brick layer. The cracks were more concentrated
around the part with the maximum, constant moment. The fully developed
crack pattern of STRIP-3 is shown in Fig. 4.18a.

Looking at the similarities between the STRIP-1-2-3 (four line load) and
STRIP-4-5 (two line load) specimens in terms of envelope shape, individual
cyclic shapes, lateral resistance and the number of observed bed-joint cracks
over the height, the different position and/or number of applied line loads
did not have a significant influence on the crack pattern and response of the
STRIP specimens with a low axial load. Due to the relatively high loading
rates, the exact determination of the first mid-height crack and the evolution
of the fracture path during the experiments was difficult to determine.
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(a) (b)

Figure 4.18: Comparison damage on out-of-plane loaded CFRP retrofitted masonry.
Specimen STRIP-3 at the maximum target displacement (a). Interme-
diate cracking failure mechanism of an NSM CFRP retrofitted masonry
wall (b), using a conventional stiff adhesive for CFRP mounting. [117]

With increasing target displacement, more crushing of the mortar layers
was observed. In contrast to the quasi-dynamic experimental pull-out cam-
paign, no splitting behaviour or intermediate cracking of the masonry was
observed due to the deep mounted CFRP reinforcement. This can either be
attributed to the improved confinement, or to the lower stress levels of the
CFRP strips in the current experimental campaign with respect to the direct
pull-out experiments performed (1,400 N/mm² versus 2,800 N/mm²).

An experimental study on the out-of-plane behaviour of NSM CFRP retro-
fitted and one-way spanning masonry walls was conducted by Kashyap [117].
This experimental campaign included masonry walls which had similar di-
mensions. Regarding the failure mechanisms of these walls intermediate
crack debonding and vertical in-plane shear failure were reported, as shown
in Fig. 4.18b. With the exception of one wall specimen, herringbone crack-
ing predominantly occurred in the brick units in the vicinity of the CFRP
strip, indicating formation of the Intermediate Crack (IC) debonding failure
mechanism. With out-of-plane airbag experiments on NSM CFRP retrofitted,
one-way spanning masonry walls, Dizhur [118] also reported the interme-
diate crack debonding failure mechanism. Except for the formation of mul-
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tiple bed joint cracks and crushing of the masonry for higher mid-span dis-
placements, the application of a flexible adhesive instead of a conventional
stiff adhesive seems to protect the masonry substrate from the intermedi-
ate cracking and vertical in-plane shear failure, likely due to a more evenly
spread of the stresses over the masonry.

4.2.3 Stresses in the CFRP strip

Using the equations presented in paragraph 4.1.4, the tensile stress distribu-
tion of the CFRP strips was determined. The stress distribution in both the
left and right CFRP strip are shown in Fig. 16 for all the STRIP specimens,
at four different target displacements. The pull direction (positive force and
displacement) is represented by solid lines, whereas a dashed line represents
the push-direction. Some lines were incomplete due to failing strain gauges
during the tests.

Figure 4.19: Stresses in left (σL) and right (σR ) CFRP strips in N/mm² over the height
for all the STRIP specimens.
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The maximum stress in the CFRP strips at the ultimate displacement was
in the range 926-1371 N/mm², with a mean value of 1115 N/mm². The
maximum utilization of the tensile capacities of the used CFRP strips was
48% within this experimental campaign. In overall, the reached stress levels
in the CFRP strip did not differ for the push and pull cycles. The left strip
of specimen STRIP-1 and right strip of specimen STRIP-6 showed noticeable
difference. Following the strain gauge readings, the left CFRP strip reached
a peak stress of approximately 1,300 N/mm² during a pull cycle, whereas
this value was around 950 N/mm² during a push cycle for STRIP-1. This
significant difference was attributed to the position of the CFRP strips within
the groove. In order to validate the correlation between the CFRP stress and
strip positioning, specimen STRIP-1 was cut in multiple prisms after the out-
of-plane experiment. The cuts, parallel to the bed joints, were made above
brick layers 14, 18, 22 (mid-height of the specimen), 26 and 30. A photo of
the CFRP strip positioning at these cross-sections are provided in Fig. 4.20.

Figure 4.20: Effective depth of both CFRP strips of specimen STRIP-1.
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The mean depth of the CFRP strip with respect to the retrofitted surface
was 51.4 mm and 45.0 mm for the left and right CFRP strip respectively.
Looking at the stresses of the right CFRP strip for STRIP-1, as shown in Fig.
4.19, it was observed that the stress levels over the height of the CFRP strip
for both the pull and push direction showed no significant difference. This
is conform the expectations, as the mentioned CFRP strip is positioned cen-
trally with respect to the effective thickness (90 mm) of the wall. Looking
at the cross-section of the wall, shown in Fig. 4.21 for a centrally placed
CFRP strip, the strain levels of the CFRP strip are the same for both the pull
and push direction for a given displacement of the wall. For this illustration
the actual stress block was replaced by a fictitious rectangular block. When
the CFRP strip has an offset of 6.4 mm with respect to the center position, as
was the case for the left CFRP strip of specimen STRIP-1, there is a significant
difference of strain in the CFRP strip for both the push and pull direction.
As the slender walls have a limited thickness, this difference in CFRP strain
between the push and pull direction can lead to a significant deviation in
CFRP stress levels. The influence of the inaccurate placement of the CFRP
strips had a significant impact on the lateral moment resistance, as the lever
arm, i.e. the distance between the compressed zone of the masonry and the
CFRP strip, also was affected.

Figure 4.21: Effect offset retrofit on the CFRP strip strain for a given displacement.

Fig. 4.20 also shows that at certain locations the CFRP strip is placed
too close to the side of the grooves, leading to insufficient adhesive coverage
between the masonry and the CFRP strip. This could have affected the bond
of the CFRP strips, resulting in (local) underutilization of the FDM CFRP
retrofit.

4.2.4 CFRP force transferred to masonry

Fig. 4.19 shows that the difference between the strain gauge readings de-
creased towards mid-height of the specimen. This difference was quantified
in Fig. 4.22, where the mean difference in force ∆Fp in a single CFRP strip
per unit length is plotted against the measured displacement δDW S,3. ∆Fp

follows from Eq. 4.15
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Fig. 4.22 shows five sections, as was illustrated in Fig. 4.11. For all the
STRIP specimens, it was observed that the mean difference in tensile force
is the lowest for section 3, at the mid-height of the specimens. The mean
difference in tensile force in a single CFRP strip per unit length ∆Fp , i.e. the
mean force per unit length transferred from a single CFRP strip to the ma-
sonry, was in the range of 1-10 N/mm for section 3. This means that under
cyclic out-of-plane loading, limited force is transferred from the CFRP strip
to the masonry around mid-height for a region of ∼ 300 mm in length.

Figure 4.22: Mean difference in force ∆Fp in a single CFRP strip per unit length,
plotted against δDW S,3 for specimens STRIP1-5 (grey dots) and speci-
men STRIP-6 (black dots).

For all STRIP specimens with a low axial load, ∆Fp was predominately in
the range 10-20 N/mm and 20-35 N/mm at

∣∣δDW S,3
∣∣ ≈ 200 mm for sections

2/4, and sections 1/5 respectively. This means that the stress transferred
from the CFRP strip to the masonry decrease towards mid-height of the wall.
For the STRIP-6 specimen, ∆Fp was predominately in the range 15-30 N/mm
at

∣∣δDW S,3
∣∣ ≈ 200 mm for sections 1/2/4/5. The stresses transferred from

the CFRP strip to the masonry remain approximately the same outside the
mid-height region of approximately 300 mm.

4.2.5 Moment - CFRP stress - curvature relationships

The internal moment and CFRP stress relationships for the cross-sections at
height 3

8 hw ≤ x < 5
8 hw of the STRIP1-5 specimens and STRIP-6 specimen, are

provided in Figs. 4.23a and 4.23b respectively. A strong linear correlation
was found between stress in the CFRP strips and the internal moment: R2 =
0.93 for STRIP-1-2-3-4-5 and R2 = 0.94 for STRIP-6. Even though a strong
linear correlation was found between stress in the CFRP strips and the in-
ternal moment (Fig. 4.23), the lateral moment resistance tends to flatten
out towards a mid-span displacement of 200 mm (Figs. 4.13-4.14). This
was especially the case for STRIP-2, STRIP-4 and STRIP-5. In the course of
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the experiment an increasing part of the tensile force in the CFRP strips
were likely used to counter the increasing second order effects rather than
increasing the lateral resistance of the retrofitted wall.

Figure 4.23: Internal moment and CFRP stress
(
σp

)
relation for 3

8 hw ≤ x ≤ 5
8 hw for:

STRIP1-5 (a) and STRIP-6 (b). Dashed lines show the linear regression.

The moment curvature correlations for the STRIP specimens were de-
termined using the data processing steps as mentioned in section 4.1.4. The
internal moment and curvature relationships for the specimen cross-sections
at height 3

8 hw ≤ x < 5
8 hw of the STRIP1-5 specimens and STRIP-6 specimen,

are provided in Figs. 4.24a and 4.24b respectively. The relationships pre-
sented in this subsection were used for modelling purposes in the sections
4.3, 4.4 and 4.5.

Figure 4.24: Internal moment and curvature (κ) relation for 3
8 hw ≤ x ≤ 5

8 hw for:
STRIP1-5 (a) and STRIP-6 (b).
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4.2.6 Equivalent viscous damping

The equivalent hysteretic damping values as a function of the target dis-
placement for each cycle δDW S,3,t ar g et is provided in Fig. 4.25a and Fig.
4.25b for all specimens tested four and two line loads respectively. For both
the URM and STRIP groups, the hysteretic damping values increased with
increasing values for the cycle displacement target. The increase in damp-
ing was likely linked to the accumulation of damage during test repetitions,
such as the mortar deterioration in the cracked bed joints. Both the URM and
STRIP-6 (high axial load) specimens showed significantly higher hysteretic
damping values with respect to the other STRIP specimens. Additionally,
where the hysteretic damping values remained constant in order of magni-
tude for increasing target displacements for the STRIP-1-2-3-4-5 specimens,
both the URM and STRIP-6 (high axial load) specimens roughly showed a lin-
ear increase of hysteretic damping values for increasing target displacements
until ξhy st ≈ 0.10 and 0.13 respectively at ultimate target displacements.

Figure 4.25: The equivalent hysteretic damping values versus the target displace-
ment δDW S,3,t ar g et for each run for all specimens tested with: the four
line load configuration: URM and STRIP-1-2-3 (a) and tested with the
two line load configuration: STRIP-4-5-6 (b). The dashed line repre-
sents the standard damping value ξhy st = 0.05 for out-of-plane loaded
URM walls as provided in NPR9998.

The mean value for hysteretic damping for the STRIP-1-3-4-5 specimens
was determined at 0.036. Specimen STRIP-2

(
ξhy st ,mean = 0.048

)
was not

included in the determination of the overall mean hysteretic damping value
due to the significant overshoot for hysteretic damping values, especially for
target displacements of 130 mm or more, with respect to the other STRIP
specimens tested at a low axial load. The standard damping value ξhy st =
0.05 for out-of-plane loaded URM walls as provided in NPR9998 [92], results
in an overestimation for the STRIP-1-2-3-4-5 specimens, and a conservative
assumption for the URM and STRIP-6 specimens.
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4.2.7 Initial and effective stiffness

The initial stiffness ki ni as a function of the target displacement δDW S,3,r un

for each run for all specimens tested with the four line load configuration
(URM, STRIP-1-2-3) is shown in Fig. 4.26a. The same relation is shown
in Fig. 4.26b for the specimens tested with the two line load configuration
(STRIP-4-5-6).

Figure 4.26: The initial stiffness ki ni versus the target displacement δDW S,3,t ar g et
for each run for all specimens tested with: the four line load config-
uration: URM and STRIP-1-2-3 (a) and tested with the two line load
configuration: STRIP-4-5-6 (b). Grey and black solid lines represent the
logarithmic regression for specimens: URM-2-3 (R2 = 0.68) and STRIP-
1-3 (R2=0.95) respectively (a); STRIP-4-5 (R2 = 0.95) and STRIP-6
(R2=0.99) with the higher axial load respectively (b).

Looking at target displacements up to ∼ 40 mm in Fig. 4.26a, the de-
crease in initial stiffness with increasing target displacement is approxi-
mately the same for the URM and STRIP-1-2-3 specimens. For target dis-
placements in the range 40 mm to ∼ 100 mm, the initial stiffness of the
STRIP specimens showed a stronger decrease with respect to the URM spec-
imens. This stronger decrease in initial stiffness was linked to the accumula-
tion of more damage during test repetition. Due to the activation of the FDM
CFRP strips, the compression forces in the masonry are increased, leading to
more mortar deterioration in the cracked bed joints. The slope of decrease
of the initial stiffness with increasing target displacement was comparable
for the STRIP-4-5 and STRIP-6 (higher axial load) specimens, as shown in
Fig. 4.26b with the logarithmic fitting curves.

The effective stiffness ke f f as a function of the target displacement for
each run (δDW S,3,t ar g et ) for all specimens tested with the four line load con-
figuration (URM, STRIP-1-2-3) is shown in Fig. 4.27a, and in in Fig. 4.27b
for the specimens tested with the two line load configuration (STRIP-4-5-6).
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Figure 4.27: The effective stiffness ke f f versus the target displacement δDW S,3,t ar g et
for each run for all specimens tested with : the four line load configu-
ration: URM and STRIP-1-2-3 (a) and tested with the two line load
configuration: STRIP-4-5-6 (b).

4.3 Initial engineering model

The out-of-plane experiment results described in the previous chapter have
demonstrated the effectiveness of the proposed retrofit scheme within the
current study. With the initial engineering model proposed by Wijte et al.
(2017), the out-of-plane capacity of a FDM CFRP retrofitted wall was derived
from the CFRP strips. The mechanical model consisted of two rigid masonry
blocks and a discrete joint at mid-height of the wall, as shown in Fig. 4.28.
The relation between the internal moment and the rotation in the joint is
based on the bond behaviour of the CFRP-strips.

The relation between the rotation in the joint and the displacement at
mid-height, follows from Eq. D.7. The rotation in the joint results in a
displacement difference between the CFRP strip and the masonry (∆s ), which
is obtained in accordance with Eq. 4.18, where here ds is the effective depth
of the CFRP strip and xu is the ultimate depth of the compression zone. This
displacement will be denoted as slip.

ϕ (δ) = δ
1
2 hw

(4.17)

∆s (δ) =ϕ (δ) (ds −xu) (4.18)
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Figure 4.28: Original engineering model for out-of-plane behaviour of the tested
one-way spanning FDM CFRP retrofitted masonry.

The force-slip relation for the CFRP strip in the rigid block was deter-
mined using the averaged multi-linear local bond-slip relation as a part of a
partial-interaction model, as proposed in section 3.5. This averaged multi-
linear local bond-slip relation was determined at a loading rate that had
a similar order of magnitude as the loading rate of the CFRP strips within
the current experimental campaign. The force-slip relationship of the FDM
CFRP strip for various rigid block heights is provided in Fig. 4.29.

Since the maximum stress in a single CFRP strip was determined as 1350
N/mm² during the experimental campaign, a linear relation was assumed
between the loaded-end slip and the stress in stress in the CFRP strip up to
this limit (Eq. 4.19). The force in a single CFRP strip was determined using
Eq. 4.20, where bp and tp are the width and thickness of the CFRP strip
respectively.

σp (δ) = ∆s (δ)

2.9mm
1,350

N

mm2 (4.19)

Fs (δ) =σp (δ)bp tp (4.20)
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Figure 4.29: Original engineering model for out-of-plane behaviour of the tested
one-way spanning FDM CFRP retrofitted masonry.

The depth of the compression zone was determined using Eq. 4.21,
where the actual stress block was replaced by a fictitious rectangular block
of intensity β times the masonry compressive strength

(
fm

)
. The degradation

in masonry is covered by factor γ.

xu (δ) = ns Fs (δ)+FM
β fm
γ lw

(4.21)

The number of CFRP strips and the length of the wall is represented by ns

and lw respectively. FM is the axial compressive force in the joint without the
CFRP strip contribution, determined with Eq. 4.22, where W is the weight
of the wall and V is the axial force on the wall.

FM =V + 1

2
W (4.22)

The internal moment was obtained using Eq. 4.23

Mi nt (δ) = 2FM zN (δ)+ns Fs (δ)
(
ds − xu

2

)
(4.23)

where zN is the distance between the centre of the cross section and the
point of gravity of the compression force in the masonry, determined using
Eq. 4.24.

zN = tw −xu

2
(4.24)
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The sum of the external moment follows from Eq. 4.25.

Ml at (δ) = Mi nt (δ)−V δ (4.25)

The lateral moment - displacement relationship determined using the
original rigid block model was compared with the experiments in Fig. 4.30,
using the input parameters as provided in Table 4.3. The original engineer-
ing model significantly overestimated the lateral-moment and displacement
relation. Even with the instruction of a degradation factor in masonry of
γ= 1.6 the overestimation of the model remained.

Figure 4.30: Lateral moment-displacement: relations determined with the original
engineering model and relations obtained from the experiments with
specimens STRIP-1-2-3-4-5.

Table 4.3: Input parameters for engineering model.

Parameter Description Value Unit
bp Width of a CFRP strip 20 mm
ds Effective depth of CFRP strip 45 mm
fm Compressive strength masonry 8 N/mm²
hw Height wall 2,750 mm
lw Length wall 965 mm
ns Number of CFRP strips 2 -
tp Thickness of a CFRP strip 1.4 mm
tw Effective thickness of the wall 90 mm
V Axial load on wall 4.8 kN
W Mass of the wall 4.7 kN
β Rectangular block parameter 0.85 -
γ Masonry degradation factor 1-1.6 -
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The CFRP stress - internal moment relation determined with the model
and obtained via experiments of the STRIP1-2-3-4-5 specimens are presented
in Fig. 4.31. The CFRP stress - internal moment relation following from the
initial engineering model showed good correspondence with the experimen-
tally obtained values. The inclusion of the masonry degradation factor had
limited influence on the internal moment and CFRP stress relation following
from the original engineering model.

Figure 4.31: Internal moment - CFRP stress: relations determined with the original
engineering model and relations obtained from the experiments with
specimens STRIP-1-2-3-4-5.

The original engineering model failed to provide a good approximation
of the experimentally obtained lateral moment – mid span displacement re-
lations. The main limitation of this model was the assumption of a single
crack at mid-height of the wall, whereas multiple bed joint cracks over the
height of the wall, ranging from 14 to 20 in total, were observed during the
experimental campaign.

4.4 Non-linear model

4.4.1 Material model

FOr the cross-section analysis, the masonry and the CFRP strip were consid-
ered as separate interacting components with an own stress-strain relation.
The stress-strain relations are summarized in Fig. 4.32. It should be stated
that the tensile and compression side of the masonry as shown in Fig. 4.32
are disproportionate for illustrative purposes. An overview of the material
parameters is provided in Table 4.4.

The idealized stress-strain curve for masonry under compression and ten-
sion is determined using Eq. 4.26, where:
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Figure 4.32: Idealized stress-strain relations for masonry under compression and ten-
sion, and CFRP under tension.

Table 4.4: Material parameters for the non-linear model.

Parameter Symbol Value Unit
Young’s modulus masonry Em 3,350 N/mm²
Young’s modulus CFRP strip Ep 198,000 N/mm²
Compressive strength masonry fm,c 8 N/mm²
Tensile strength masonry fm,t 0.25 N/mm²
Tensile strength CFRP fp,t 2,880 N/mm²
Mode I fracture energy G f I 4.2-11.5 N/m

• Em is the Young’s modulus of masonry;

• fm,c is the compressive strength of masonry, εm,c the corresponding
strain determined with Eq. 4.27;

• εm,cp is the strain corresponding to 0.9 fm,c in the descending part.
At this point the stress-strain curve shifts from parabolic to linear de-
scending relation;

• 0.2 fm,c is the maximum residual compressive stress and correspond-
ing failure strain

(
εm,cu

)
. The failure strain determined as εm,cu =

2.75εm,cm for mortar with lime content [119];

• fm,t is the tensile strength of the masonry;

• G f I is the mode I fracture energy of the masonry;

• w is the crack width. The relation between the crack width and the
strain is determined with the sum of the height of a single bed joint
and the height of a single brick, as presented in Eq. 4.28;
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• e
− fm,t

G f I
w

is the factor representing tension softening.

σm (ε) =



fm,t e
− fm,t

G f I
w

if ε> fm,t
Em

;

Emε if 0 > ε≤ fm,t
Em

;

fm,c

(
2 ε
εm,cm

−
(

ε
εm,cm

)2
)

if εm,cp < ε≤ 0;

fm,c

(
0.9−0.7

ε−εm,cp

εm,cu−εm,cp

)
if εm,cu < ε≤ εm,cp ,;

0.2 fm,c otherwise

(4.26)

εm,cm = 2 fm,c

Em
(4.27)

w = ε(
hbr i ck +hbed j oi nt

)
(4.28)

The Young’s modulus and the compressive strength of the masonry were
determined as 3,350 N/mm² and 8.0 N/mm² respectively with the compan-
ion tests. The flexural strength of masonry obtained was 0.375 N/mm².
Generally a factor 1.5 is assumed between the average tensile bond strength
and the flexural strength [120]. The tensile strength of the masonry was
thus assumed at 0.25 N/mm². For the fracture energy, values in the range
4.2-11.5 N/m were reported by Vermeltfoort & van der Pluijm [121] for ma-
sonry typologies that are similar to the masonry used in this research. Com-
paring the compression stress-strain relation of the material model with the
measurements obtained from the compression tests on masonry prisms, both
shown in Fig. 4.33, it was observed that the proposed material model and
parameters provide a good approximation of the experimentally determined
compression behaviour until the peak strength. Due to lack of experimental
data for the post-peak region within the current study, a comparison was
made with the results of another experimental study on the characteriza-
tion of different types of Groningen masonry. From the comparison of the
normalized (towards the peak) stress-strain curve of the proposed material
model (dotted line in Fig. A.3) with the stress-strain curve domain (grey
area in Fig. A.3) of masonry in vertical compression as reported by Jafari,
Rots, Esposito and Messali [91], it was observed that the post-peak stress-
strain relationship following from the proposed material model was within
the boundaries of the obtained stress-strain curves for masonry by [91].

The stress-strain relationship of the embedded CFRP strips are provided
in Eq. 4.10. The Young’s modulus and tensile strength of the CFRP strip, as
reported in section 2.2, was 198,000 N/mm² and 2,880 N/mm².
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Figure 4.33: (a) Comparison of the compression stress-strain relationship of the ma-
terial model (dotted line) with the measurements obtained from the
compressions tests on masonry prisms (black lines). (b) Comparison
of the normalized (towards their peak) compression stress-strain rela-
tionship of the material model (dotted line) with the normalized stress-
strain curve domain reported by [91] (grey area).

4.4.2 Cross section analysis

The simplified rectangular cross section of the FDM CFRP strip retrofitted
specimens is provided in Fig. 4.34. The lined area represents the compressed
zone of the cross section. Two CFRP strips are present at position z=0, which
result in a combined tensile force of Fp . The net force in the masonry is the
sum of the masonry tensile force

(
Fm,t

)
and the masonry compression force(

Fm,c
)
. It is assumed that the strain profile is linear, and the CFRP strips are

perfectly bonded without any slip. The strain distribution over height z is
obtained using Eq. 4.29, where εA and εB are the maximum compressive
and tensile strain respectively for the masonry.

ε (z) = 1

2
(εA +εB )+ (εB −εA)

z

tw
(4.29)

Figure 4.34: Cross section analysis of the FDM CFRP retrofitted specimens.
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For the maximum strain on compressed side (A), a corresponding maxi-
mum tensile strain of the masonry (B) was determined where the condition
as provided in Eq. 4.30 was met. This was the condition in which the tensile
forces (CFRP strip, masonry) and compressive forces in the masonry were
in balance. The moment curvature relation at mid-height is assumed to be
representative for the full wall. The axial load (V ) on a specimens and the
weight (W ) of a specimens were 4.8 kN and 4.7 kN respectively. The net
force in the masonry, and the tensile forces in the CFRP strips were derived
from Eqs. 4.31 and 4.32 respectively. The moment and curvature were de-
termined with Eq. 4.33 and 4.34 respectively.

Fm +Fp +V + W

2
= 0 (4.30)

Fm =
∫ tm

2

− tm
2

σm (ε (z)) lw d z (4.31)

Fp = Ep ·ε (z = 0) ·bp · tp ·ns (4.32)

M =
∫ tm

2

− tm
2

σm (ε (z)) lw zd z (4.33)

κ = εB −εA

tw
(4.34)

With the material parameters as provided in Table 4.4, the moment-
curvature relation following from the model was obtained for V = 4.8 kN.
This is shown with a black dotted line in Fig. 4.35a and compared to the
moment-curvature relations of the constant moment zone

( 3
8 hw ≤ x ≤ 5

8 hw
)

for FDM CFRP retrofitted specimens (grey dots). After the first crack oc-
curred in the model, there was a slight decline in the moment resistance,
which was not consistent with the experimental findings. Furthermore,
for curvatures higher than 1.5 × 10−4 1

m , the moment resistance following
from the model was overestimated. This overestimation became stronger
for higher curvatures. The moment – CFRP stress relation following from
the model, as shown in Fig. 4.35b, provided a good approximation of the
experimental results.

Using the non-linear material models and the cross section analysis, the
moment-displacement relation was determined and compared with the ex-
periments. This was done in Fig. 4.36 for both the 4 line loads and 2
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

Figure 4.35: Internal moment-curvature relation (a) and Internal moment-CFRP
stress relation (b) following from the cross-section analysis with the
moment-curvature relations for the constant lateral moment zone for
the FDM CFRP retrofitted specimens (V =4.8 kN).

line loads configuration when testing FDM CFRP retrofitted walls. With the
initial set of parameters (set 1, as shown in Table 4.5), the first major differ-
ence with the non-linear model and the experiments was observed for the
moment resistance at the end of the elastic branch of the envelope. This
kink in the moment-displacement curve following the model, the kink be-
ing the first significant difference in stiffness of the envelope curve, was
initiated at a moment resistance that was lower than found with the exper-
iments. Increasing the fracture energy G f I to 11.5 N/m (parameter set 2),
the moment-displacement following the model fitted better with the exper-
imentally obtained moment-displacement correlations for low displacement
values (δmi d ≤ 5mm). This improved fit was also observed for the moment-
curvature relation and moment CFRP stress relation as shown in Fig. 4.35a
and Fig. 4.35b respectively. Looking at the moment versus mid span dis-
placement plots, it was observed that the model provides an underestima-
tion of the moment resistance for δmi d ≤ 120mm. For higher values for mid
span displacement, the moment resistance following from the beam model
proved an overestimation. Reducing the compressive strength and Young’s
modulus of masonry to 6 N/mm² and 2500 N/mm² respectively (keeping
εm,cm constant), which represents parameter set 3, did not result in an im-
proved fit.

The model was also run with an axial load of 20 kN, and compared with
the experimental results of specimen STRIP-6. No significant difference was
observed between the outcomes following the three different parameter sets
(Fig. 4.37). It should be noted that the calculations for the model were force
based, so no results were obtained after the maximum moment was reached.
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4.4 Non-linear model

Table 4.5: Parameter set for the cross section analysis of the FDM CFRP retrofitted
specimens (V =4.8 kN)

Em (N /mm2) fm (N /mm2) G f I (N /m)
Parameter set 1 3350 8 4.2
Parameter set 2 3350 8 11.5
Parameter set 3 2500 6 11.5

Figure 4.36: Lateral moment-displacement relation following from the cross section
analysis for the FDM CFRP retrofitted specimens (V =4.8 kN), tested
with four line loads (left) and two line loads (right).

Figure 4.37: Lateral moment-displacement relation following from the non-linear
model for an axial load of V =20 kN.
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

For low axial loads it was concluded that the cross-section analysis pro-
vided a decent estimation of the moment resistance until δmi d ≤ 120mm.
The over estimation of the model after δmi d ≈ 120mm was pre-dominantly
attributed to the assumption of the slip of the CFRP strip being negligible.
By means of the direct pull-out experimental campaign presented in section
3.3, free end slips around 2 mm for anchorage lengths of 1 m were obtained.
For higher mid-span displacements, the slip of the CFRP laminates could be-
come significant with respect to the elongation of the CFRP.

4.5 Revised engineering model

Due to the limitation of the original engineering model (section 4.3) and
the non-linear model (section 4.4) for the out-of-plane assessment of ver-
tically (one-way) spanning FDM CFRP retrofitted masonry walls, a revised
engineering model was proposed. In addition to the original engineering
model, the revised engineering model allowed for the introduction of addi-
tional cracks over the height of the wall. The revised engineering model is
shown in Fig. 4.38.

Figure 4.38: Revised engineering model for the out-of-plane behaviour of the tested
vertically (one-way) spanning FDM CFRP retrofitted masonry.
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4.5 Revised engineering model

4.5.1 Initial state: single crack

A single crack at mid-height is assumed as the initial state of the model,
similar to the original model. The CFRP stress at mid-height was set as an
input for the proposed rigid block model.

With the CFRP stress
(
σp

)
, the axial load was determined as a function

of the position using Eq. 4.35:

Faxi al ,k =σp ·bp · tp ·ns +V +
k∑

i=1
Wi (4.35)

The depth of the compression zone xu,k was obtained using Eq. 4.36.

xu,k = Faxi al ,k
α
γ fm,c · lw

(4.36)

Similar to the original engineering model, the actual stress block was
replaced by a fictitious rectangular block of intensity β times the masonry
compressive strength. The masonry degradation due to cyclic loading is
covered by factor γ. It was assumed that the lever arm (zs ) equals the effec-
tive depth minus one-half of the assumed depth of the compression zone, as
provided in Eq.4.37:

zs,k = ds −
xu,k

2
(4.37)

The internal moment is the result of the product of the total axial load at
the considered height and the lever arm, following Eq. 4.38:

Mi nt ,k = Faxi al ,k · zs,k (4.38)

The rotation in the joint (Φ) connected to an uncracked rigid block
(
lr i g i d

)
was obtained using Eq. 4.39, where δsk is the loaded end slip at joint k.

Φk = δsk

ds −xu,k
(4.39)

The slip for the uncracked rigid block
(
lr i g i d

)
was determined using the

averaged multi-linear local bond-slip relation with the partial-interaction
model, as was proposed in section 3.5. The force-slip relation of the deep
and flexible mounted CFRP strip for various rigid block heights was provided
in Fig. 4.29.
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

4.5.2 Crack initiation

The initial state as was shown in Fig. 36 was used to determine the relation
between the CFRP stress and the internal moment. For a given stress in the
CFRP strip, the axial load on the joint on mid-height

(
Faxi al ,22

)
was deter-

mined using Eq. 4.35. The depth of the compression zone was obtained
using Eq. 4.36, where degradation in masonry was neglected

(
γ= 1

)
. The

internal moment followed from Eq. 4.38.
Given the axial load on the joint at mid height, the cracking moment for

the adjoining bed joints was determined using a cross section analysis of the
masonry (Fig. 4.39). The CFRP strips were excluded from this analysis. The
strain distribution over height z is obtained using Eq. 4.40:

Figure 4.39: Cross section analysis rigid block.

ε (z) = 1

2
(εA +εB )+ (εB −εA)

z

tw
(4.40)

For the strain on side A, a corresponding strain of the masonry on side B
is determined where the condition as provided in Eq. 4.41 is met. This is the
condition in which the tensile and compressive forces in the cross-section
are in balance.

Fm = Faxi al ,22 (4.41)

The net force and moment in the rigid block cross section was derived
from Eq. 4.42 and Eq. 4.43 respectively.

Fm =
∫ tm

2

− tm
2

σm (ε (z)) lw d z (4.42)
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MU RM =
∫ tm

2

− tm
2

σm (ε (z)) lw z d z (4.43)

Given the total axial load
(
Faxi al ,22

)
on the considered cross section, the

maximum moment resistance of the rigid block can be determined. This mo-
ment resistance was compared with the internal moment to determine crack
introduction in the rigid block. The URM moment resistance was exceeded
when the stress in a single CFRP strips exceeds 470 N /mm2 and 190 N /mm2

for an axial load on top of the wall of 4.8 kN and 20 kN respectively.

4.5.3 Crack propagation

Once the CFRP stress level exceeded the limit determind in the previous
section, an additional crack was initiated on the first uncracked bed joint
of the rigid block, starting from the loaded end. The rotation in the newly
cracked joint was obtained by using Eq. 4.39. The rotation in the joint not
connected to the rigid block was determined by the elongation δp,k of the
CFRP within that row with length lel ement , according to Eq. 4.44, where δp,k

follows from Eq. 4.45.

ϕk = δp,k

ds −xu,k
(4.44)

δp,k =σp Ep lel ement (4.45)

It should be noted that as long as the cracking stress is not reached, the
rotation in a joint is equal to zero. Additionally, with every appending bed
joint crack, the length of the rigid block reduces. The force-slip relation
of the deep and flexible mounted CFRP strip therefore needs correction for
shorter rigid block lengths.

Following the afore-mentioned calculations step by step, the lateral mo-
ment - displacement relation of the original rigid block model was deter-
mined and compared with the experiments in Fig. 4.40 for both the 4 line
loads (STRIP-1-2-3) and 2 line loads configuration (STRIP-4-5).

When using no degradation factor for the masonry due to cyclic loading(
γ= 1

)
and two line loads, the model (indicated with a solid black line) re-

sulted in a significant overestimation of the moment resistance for δmi d > 80
mm. Implementing a degradation factor for the masonry due to cyclic load-
ing of γ = 1.6 (dashed black lines in Fig. 4.40) resulted in a significantly
improved overall fit. The same conclusions were drawn for a higher axial
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

Figure 4.40: Lateral moment-displacement relation following from the revised engi-
neering model for 4 line loads (left, specimens STRIP-1-2-3) and for 2
line loads (right, specimens STRIP-4-5).

load, as shown in Fig. 4.41, meaning the revised engineering model provides
a good approximation of the experimental outcome for different axial loads
when a cyclic degradation factor of γ = 1.6 is implemented. No significant
difference was found between the obtained moment-displacement relation-
ship using γ= 1 and γ= 1.6 until a mid-span displacement of 80 mm of the
wall. The additional force of the FDM CFRP strips resulted in increased com-
pressive stresses in the compression zone, which combined with high levels
of deflection (up to 210% of the wall thickness) most probably resulted in
excessive damage accumulation in the bed-joints. In this context, the factor
of 1.6 to account for masonry degradation seems acceptable. It should be
noted that the degradation factor of 1.6 was calibrated on this specific study
and may not be extrapolated to a general conclusion.

Figure 4.41: Lateral moment-displacement relation following from the revised engi-
neering model for axial load V = 20 kN (specimen STRIP-6).
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4.6 Stiff vs. flexible adhesive systems: OOP behaviour in the NSM
configuration

Comparing for the internal moment and CFRP stress relation, as shown
in Fig. 4.42a and Fig. 4.42b for the low V=4.8 kN) and high axial load
case V=20 kN) respectively, no significant deviation between the outcome
of the revised engineering model and the experimental results were found.
It should be noted that with the inclusion of cyclic degradation of the ma-
sonry (dashed black line), the internal moment and CFRP stress relation
bends further away from the linear regression on the experimental results,
nevertheless remaining within an acceptable range.

Figure 4.42: Moment-CFRP stress relation following from the revised engineering
model (i = 22) with the moment- CFRP stress relations of the constant
moment zone for axials loads: V=4.8 kN (a, specimens STRIP-1-2-3-4-
5); V=20 kN (b, specimen STRIP-6).

4.6 Stiff vs. flexible adhesive systems: OOP be-
haviour in the NSM configuration

The vertical bending behaviour of CFRP retrofitted masonry walls was model-
wise compared for both the stiff and the flexible adhesive system. For this
analysis, the same wall dimensions and retrofitting configuration (2 CFRP
strips) as the test specimens in this chapter are used. For the comparative
study only the Near Surface Mounted (NSM) configuration was considered,
as the effect of the deeper groove depth on the initiation of premature brick
splitting when using a stiff adhesive couldn’t be quantified. The CFRP strips
were assumed to be placed right underneath the surface, resulting in an ef-
fective depth of 10 mm, instead of the regular 1

2 tw (center-depth of the wall)
for the deep mounted configuration.

For the calculation of the lateral moment - displacement relation of the
NSM CFRP retrofitted wall using a stiff adhesive, the cross-section analy-
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4. Flexible deep mounted CFRP strips: out-of-plane behaviour

sis using the (non-) linear material models was used, following the design
methodology provided by [117, 122]. Parameter set 3 was selected (Table
4.5) and the slip of the CFRP strip was neglected. The full debonding force
F∞

u was determined at 63.9 kN for the stiff system in section 3.6.2. When
the force in a single CFRP strip reached this value, intermediate cracking
debonding occurred and the wall was considered as failed. As for the cal-
culation of the lateral moment - displacement relation of the NSM CFRP
retrofitted wall using a flexible adhesive, the revised engineering model was
used with a degradation factor for the masonry of γ = 1.6. The wall was
considered failed when the force in a single CFRP strip reached the rupture
strength.

The lateral moment - displacement relation of NSM CFRP retrofitted
walls using a stiff adhesive and a flexible adhesive are provided in Fig. 4.43.
For both adhesive types, the lateral moment - displacement relation was de-
termined at three levels of axial loads (V = 0; 10 and 20 kN).

Figure 4.43: The lateral moment - displacement relation of NSM CFRP retrofitted
walls using a stiff adhesive (light grey)and a flexible adhesive (dark
grey). Three levels of axial load (V = 0; 10 and 20 kN ) are considered.
The failure mechanisms are intermediate crack debonding (diamond)
and CFRP rupture (cross).

The stiff adhesive system eventually fails due to intermediate crack debond-
ing (diamond in Fig. 4.43), whereas the flexible system adhesive system fails
due to CFRP rupture (cross in Fig. 4.43). Up to an including an axial load of
V =20 kN, the mean ultimate displacement (277 mm) of the flexible adhe-
sive system was 62% higher than the mean ultimate displacement (171 mm)
of the stiff adhesive system. With no axial load (V = 0 kN) the maximum
lateral moment resistance was 8.4 kNm and 9.3 kNm respectively for the the
stiff adhesive system and flexible adhesive system. Increasing the axial load
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to 10 kN, the maximum lateral moment resistance decreases for both the
stiff (7.3 kNm) and flexible adhesive system (7.0 kNm). Further increasing
the axial load, leads to a further decline of the maximum lateral moment
resistance: (6.1 kNm) and (4.7 kNm) for the stiff and flexible system re-
spectively. Due to the non-negligble slip and higher second order effects, the
ultimate lateral moment resistance of the flexible adhesive system decreases
more rapidly with increasing axial load.

4.7 Conclusions

An experimental program was undertaken to assess the out-of-plane be-
haviour of vertically (one-way) spanning full scale clay brick masonry walls
retrofitted with flexible deep mounted (FDM) carbon fiber reinforced poly-
mer (CFRP) strips. In the experimental testing program nine full-scale ma-
sonry walls were tested, from which six were retrofitted using the FDM CFRP
technique. A new four or six point-bending test setup was proposed and
used for cyclic out-of-plane testing of masonry walls, due to the limitations
of both the air-bag setup and shaking table test within the scope of this re-
search. The loading rate was selected at a level where the visco-elastoplastic
effects of the used flexible adhesive were activated. An overarching objective
of this study was to verify the effectiveness of the FDM CFRP strip strength-
ening system for the out-of-plane behaviour of one-way vertically spanning
full-scale masonry walls. An additional objective of this research was to val-
idate the engineering model for FDM CFRP retrofitted walls. Furthermore,
the validity of the proposed bond slip laws for FDM CFRP strips (Chapter
3) was assessed for flexural loading conditions rather than uni-axial tensile
loading conditions. From the experimental campaign the following conclu-
sions were drawn:

1. Except for the formation of multiple bed joint cracks (ranging from
14 to 20 in total) and crushing of the masonry for higher mid-span
displacements, the application of a flexible adhesive instead of a con-
ventional stiff adhesive seems to protect the masonry substrate from
intermediate cracking and vertical in-plane shear failure.

2. The maximum stress in the CFRP strips at the ultimate displacement
was in the range 926-1371 N/mm², with a mean value of 1115 N/mm².
The maximum utilization of the tensile capacities of the used CFRP
strips was 48% within this experimental campaign.

3. For the specimens tested with an axial load of (V =4.8 kN), the average
resistance of the unreinforced masonry (URM) specimens (n=3) was
0.78 kNm, whereas the average resistance of the FDM CFRP retrofitted
specimens (n=5) was found to be 1.82 kNm. The moment capacity of
the URM wall is increased with 133% with the installation of the FDM
CFRP strips.
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4. For the FDM CFRP retrofitted specimen with high axial load (V =20
kN), the tensile forces from the CFRP strips were predominately coun-
tering the second order effects rather than increasing the lateral mo-
ment resistance.

5. For the mean mid-span displacement corresponding to the lateral re-
sistance, an increase of roughly a factor 90, from 2.1 mm (URM) to
186.7 mm (V = 4.8 kN), was determined. The instability displace-
ment was approximately equal to the wall thickness for the URM spec-
imens. For the FDM CFRP retrofitted specimen with high axial load,
the instability displacement was estimated at 200 mm. For the FDM
CFRP retrofitted specimens loaded with a low axial load, the instabil-
ity displacement was not obtained due to the stroke limits of the used
actuator.

6. Even though a strong linear correlation was found between stress in
the CFRP strips and the internal moment, the lateral moment resis-
tance tends to flatten out towards a mid-span displacement of 200
mm. This was linked to the increasing second order effects and dam-
age accumulation at the masonry joints.

7. The mean value for hysteretic damping For the FDM CFRP retrofitted
specimens with low axial load was determined at 0.036. Both the
URM specimens and high axial load FDM CFRP retrofitted specimen
showed a linear increase of hysteretic damping values for increasing
target displacements with 0.1 and 0.15 respectively at ultimate target
displacements.

The out-of-plane experimental campaign demonstrated the effectiveness
of the proposed retrofit scheme within the current study. Another goal of
this study on the out-of-plane behaviour was the development of a sim-
ple and practical applicable out-of-plane engineering model for FDM CFRP
retrofitted masonry walls. From the modelling efforts the following conclu-
sions were drawn:

8. The initial engineering model consisted of two rigid masonry blocks
and a discrete joint at mid-height of the wall. The relation between the
internal moment and the rotation in the joint was based on the bond
behaviour of the CFRP-strips within the rigid blocks. This engineering
model failed to provide a good approximation of the experimentally
obtained lateral moment – mid span displacement relations, the main
limitation being the presence of only one crack in the wall, whereas
multiple bed joint cracks over the height of the wall were observed
during the experimental campaign.
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9. Performing a cross-section analysis using non-linear material models, it
was found that the lateral moment capacity was overestimated after a
mid-span displacement of 120 mm. The model assumed that the strain
profile was linear, and the CFRP strips perfectly bonded without any
slip. From the direct pull-out experimental campaign however, it was
found that the slip of FDM CFRP strips was not negligible, especially
for higher CFRP stresses.

10. A revised engineering model was proposed, where multiple cracks over
the height of the wall were introduced. Using a factor of 1.6 to cover
for bed joint degradation of the masonry due to cyclic loading, the
model provided good agreement with the experimentally obtained lat-
eral moment – mid-span displacement relationships for both the low
axial load and the high axial load cases. Despite the slightly lower
CFRP stress and internal moment relationship compared to the exper-
imentally obtained values, the CFRP stress following from the revised
engineering model provided a decent fit. It should be noted that the
degradation factor of 1.6 was calibrated on this specific study and may
not be extrapolated to a general conclusion.

11. The bond slip laws for FDM CFRP strips as determined in Chapter
3 using uni-axial tensile tests were successfully implemented in the
engineering models.

12. The vertical bending behaviour of CFRP retrofitted masonry walls was
model-wise compared for both the stiff and the system with flexible
adhesive. For the comparative study only the Near Surface Mounted
(NSM) configuration was considered, as the effect of the deeper groove
depth on the initiation of premature brick splitting when using a stiff
adhesive couldn’t be quantified. The mean ultimate displacement (277
mm) of the flexible adhesive system was 62% higher than the mean
ultimate displacement (171mm) of the stiff adhesive system. Due to
the non-negligble slip and higher second order effects, the ultimate
lateral moment resistance of the flexible adhesive system decreases
more rapidly with increasing axial load when compared to the ultimate
lateral moment resistance of the stiff adhesive system.
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Chapter 5
Hybrid retrofit with FDM
CFRP and FRCM: out-of-plane
behaviour

For walls subjected to critical in-plane loading, the application of solely the
flexible deep mounted (FDM) CFRP strips retrofit was expected to be insuffi-
cient. In Chapter 1 the addition of a one-sided fabric reinforced cementitious
matrix (FRCM) overlay was proposed to form a hybrid retrofit with the FDM
CFRP strips, in order to enhance the strength and pseudo-ductility of ma-
sonry for in-plane loading conditions. The addition of a single-sided FRCM
overlay however, will also have a significant influence on the out-of-plane
behaviour of the wall.

This chapter, based on [74, 78], outlines the out-of-plane (OOP) be-
haviour of masonry walls retrofitted with FDM CFRP strips and a single-sided
FRCM overlay. The chapter starts with the discussion of an experimental
campaign on the OOP behaviour of masonry panels retrofitted with solely a
single sided FRCM overlay. The discussion of a second experimental cam-
paign focuses on the OOP behaviour of full-scale masonry walls, retrofitted
with both FDM CFRP strips and a single-sided FRCM overlay. The proposed
modelling approach is validated for both experimental campaigns.

5.1 Small scale experiments

5.1.1 Building the specimens

A total of n=7 clay brick masonry panels, each panel consisting of 20 bond
stacked bricks, were built by an experienced mason. The masonry specimens
were constructed vertically, like a column, against a vertical sideboard to
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ensure minimum horizontal deviation and were left to cure for 28 days in
the unheated laboratory (10-25 °C) before applying the FRCM layer.

The FRCM layer was installed only on one side of the masonry panels. Af-
ter applying the first layer of polymer-modified mortar (5 mm in thickness),
the CFRP mesh was pressed into position. This only applied to 4 of the 7
specimens (coded OOP-FRCM). The mesh, consisting of 10 continuous CFRP
strands in the longitudinal direction, did not cover the outer two bricks at
both sides. This was done to prevent clamping forces acting on the mesh
near the supports during the out-of-plane experiments. Finally, a new layer
of polymer-modified mortar was applied to embed the CFRP mesh, resulting
in a nominal FRCM layer thickness of 20 mm. The OOP specimens were left
to cure for 28 days in the unheated workshop (10-25 °C). An illustration of
an OOP-FRCM specimen with a mesh is shown in Figure 5.1. No mesh was
applied on three specimens (coded OOP-CM).

Polymer-mod. mortar

Figure 5.1: Schematic overview of an FRCM retrofitted masonry panel.

5.1.2 Test setup

A four-point flexural test was selected to test the out-of-plane response of
the reinforced masonry panels. A schematic overview and a photo of the
test setup are shown in Figs. 5.2 and 5.3 respectively. Two loading noses
with an inter-distance of 340 mm applied load on the top of the masonry
panel with a span of 1000 mm. One of the loading noses and one of the
lower roller supports were able to rotate on their axes, parallel to the span
direction. The others remained fixed. Softboard was placed between the
masonry panel and the noses/rollers. To measure the curvature of the con-
stant moment region of the masonry panel, two yoke deflectometers (one
at each side) were used. A lightweight yoke was suspended between two
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bolts (spaced with distance Lk = 280 mm from each other) attached to the
neutral axis of the masonry (within the constant moment region). LVDT’s
were attached to the centre of the yokes. The tip of the LVDT’s rested on an
L-shaped plate, measuring the deflection

(
δκ1 ,δκ2

)
during the experiment.

On the opposite side of these L-shaped plates, two additional LVDT’s mea-
sured the mid-span deflection (δm1,δm2). The results of these LVDT’s were
also averaged. Another two LVDT’s measured the displacement with respect
to the ground of the masonry panel right above the roller supports (δs1,δs2).

Figure 5.2: Schematic overview test setup for out-of-plane experimental campaign
on FRCM reinforced masonry panels.

Figure 5.3: Photo test setup for out-of-plane experimental campaign on FRCM rein-
forced masonry panels.
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5.1.3 Processing the measurements

Based on the sensor readings, several parameters were determined. The
mean mid-span deflection was obtained in accordance with Eq. 5.1. The
bending moment and curvature were obtained using Eqs. 5.2 and 5.3 re-
spectively.

δm = δm1 +δm2

2
− δs1 +δs2

2
(5.1)

M = 1

2
F

(
1000−340

2

)
(5.2)

κ= 4

[
δκ1

L2
k +4δ2

κ1

+ δκ2

L2
k +4δ2

κ2

]
(5.3)

After an initial load of 0.1 kN was applied, the experiment started at a
deflection controlled loading speed of 1 mm/min. For the OOP-FRCM spec-
imen that was tested unidirectional cyclic (coded OOP-FRCM-C), the initial
mid-span deflection step was 1 mm. Each deflection step was applied two
times in the single loading direction forming one load cycle, before increas-
ing the mid-span target deflection with 1 mm. The moment of switching the
loading direction, from unloading to loading, occurred force-controlled at a
measured force of F = 0.2 kN .

5.1.4 Results and discussion

An overview of the results of the four-point bending tests is provided in Table
5.1. It should be noted that the mid-span deflection results for specimen
OOP-FRCM-1 were not included due to errors with the LVDT’s.

Failure mechanisms

The OOP-CM specimens that were reinforced with solely a polymer-modified
mortar layer, failed suddenly with the formation of a single crack. It should
be noted that one of the three OOP-CM specimen was damaged during trans-
port, and therefore could not be tested. For the OOP-FRCM specimens, a
total of five to seven cracks per specimen formed. The distance between the
cracks ranged from 47 to 159 mm, and had a mean value of 98 mm. For the
OOP-FRCM-C specimen a total of 11 cracks were formed, with a mean inter-
distance of 82 mm. The higher number of cracks was attributed to the cyclic
loading. The crack patterns for the OOP-FRCM(-C) specimens are provided
in Fig. 5.4. The pre-dominant failure mechanism for all OOP-FRCM(-C) was
CFRP rupture, Fig. 5.5 shows an example.
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Table 5.1: Results out-of-plane tests on FRCM reinforced masonry panels.

OOP- OOP- OOP- OOP- OOP- OOP-
Parameter Unit CM-1 CM-2 FRCM-1 FRCM-2 FRCM-3 FRCM-C
Fmax,uncr kN 3.74 3.61 2.73-4.12 2.70-3.49 2.50-3.71 3.03-3.64
δmax,uncr mm 0.35 0.41 - 0.27-0.56 0.21-0.71 0.29-0.83
Mmax,uncr kNm 0.60 0.58 0.45-0.68 0.44-0.56 0.42-0.60 0.49-0.60
κmax,uncr 10−3/m 2.5 3.1 2.4-4.2 0.8-4.3 1.6-3.9 2.4-6.7
Fmax,cr kN - - 8.06 7.35 5.25 8.55
δmax,cr mm - - - 6.99 5.49 8.77
δu,cr mm - - - 7.04 5.68 8.80
Mmax,cr kNm - - 1.33 1.20 0.85 1.39
κmax,cr 10−3/m - - 85.8 80.3 44.2 87.4
κu,cr 10−3/m - - 87.2 81.6 44.2 87.8

Figure 5.4: Crack patterns of the FRCM retrofitted masonry panels.

Figure 5.5: CFRP mesh rupture.

Moment, displacement and deflection

The OOP-CM specimens failed at a mean load and mid-span deflection of
3.64 kN and 0.38 mm respectively. The corresponding mean moment and
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curvature were 0.60 kNm and 2.9·10−3/m. The cracking moment for the
OOP-FRCM specimens was difficult to determine as no exact moment of
cracking could be assigned in the graphs. With a mean moment of 0.53
kNm (range 0.42-0.68 kNm) to initiate the first crack, the cracking load for
the OOP-FRCM showed a slight discrepancy with the results of the OOP-CM
specimens. This was also applicable to the curvature, with a mean value
and range of 3.2·10−3/m and 0.8-6.7·10−3/m respectively. When the upper
bound was considered, the overall mean cracking moment and correspond-
ing curvature for the specimens were 0.60 kNm and 4.1·10−3/m respectively.

Looking at the mean values for moment capacity (1.3 kNm), ultimate de-
flection (7.92 mm) and ultimate curvature (85.5·10−3/m) for the OOP-FRCM
specimens (OOP-FRCM-3 excluded), the added value of the CFRP mesh is
quantified. The implementation of a CFRP mesh in the cementitous matrix
leads to a significant improvement in deformation capacity.

Specimen OOP-FRCM-3 was excluded from the determination of the men-
tioned mean values due to a different failure mechanism. This specimen
failed due to a combination of moment and shear (brick splitting), outside
of the constant moment regime.

Loading cyclically (OOP-FRCM-C) did not affect the strength, ultimate de-
flection or ultimate curvature when compared to the statically loaded spec-
imens. Additionally, looking at the M-κ diagram presented in Fig. 5.6, it
can be observed that there is no significant difference between the envelope
of the cyclically tested specimen and the statically loaded specimens. With
cyclic loading, during the unloading process towards the near initial state,
an increasing permanent deflection was observed. This was attributed to the
permanent slip of the CFRP mesh within the cementitous matrix.

Figure 5.6: Moment curvature diagrams of the tested FRCM retrofitted panels.
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5.1.5 Non-linear model

For the purpose of modelling the out-of-plane behaviour of FRCM retrofitted
masonry panels, the masonry, the cementitous matrix and the CFRP mesh
were considered as separate interacting components with an own stress-
strain relation. After the formation of separate (non-) linear material mod-
els for the cementitous matrix and the embedded CFRP mesh, the cross sec-
tional analysis was performed.

Material model

An overview of the material properties is provided in Table 5.2. The ideal-
ized stress-strain relation of the cementitous matrix and the embedded CFRP
mesh are summarized in Fig. 5.7. The stress-strain curves for the cementi-
tous matrix and the embedded CFRP mesh were determined using Eqs. 5.4
and 5.5 respectively, where EC M , and Emesh,em are the Young’s moduli of the
cementitous matrix and the embedded CFRP mesh respectively.

Figure 5.7: Idealized stress-strain relations for the cementitous matrix under com-
pression and tension, and the embedded CFRP mesh under tension.

Table 5.2: Material parameters cementitous matrix and embedded CFRP mesh.

Parameter Symbol Value Unit
Young’s modulus of the cementitous matrix EC M 27,680 N/mm²
Tensile strength of the uncracked FRCM fC M ,t 4.23 N/mm²
Tensile strength of the embedded CFRP mesh fmesh,em 1,700 N/mm²
Ultimate tensile strain of the CFRP mesh εF RC M ,u 1.9 %
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σC M (ε) =


0 ε< 0,
ε ·EC M 0 < ε≤ εC M ,
ϕ(ε) ·EC M εC M < ε≤ εF RC M ,u ,
0 ε> εF RC M ,u ,

(5.4)

σmesh(ε) =


0 ε< 0,
ε ·EF RC M ,u 0 < ε≤ εF RC M ,u ,
0 ε> εF RC M ,u ,

(5.5)

The factor ϕ, used to describe the post-peak behaviour of the cementitous
matrix using tension softening, is determined using Eq. 5.6, where the factor
α defines the shape of the tension softening curve, where α = 0 represents
a linear declining tension softening curve.

The Young’s moduli for the cementitous matrix and the embedded CFRP
mesh are obtained following Eqs. 5.7 and 5.8 respectively, where fmesh,em,u

is the roving strength of the CFRP mesh (1,700 N/mm²) and fC M is the
tensile strength of the cementitous matrix (4.23 N/mm², section 2.3).

ϕ=
(

εF RC M ,u −ε
εF RC M ,u −εC M ,c

)1+α
(5.6)

EC M = fC M

εC M
(5.7)

Emesh,em = fmesh,em,u

εF RC M ,u
(5.8)

The parameters εm,u , εC M and εF RC M ,u are the cracking strain of the
masonry, cracking strain of the cementitous matrix and the ultimate strain of
the FRCM respectively. Following the tensile test results presented in section
2.3, the value for εF RC M ,u was selected as 1.9% (overall mean value).

Cross-sectional analysis

The simplified rectangular cross section of the FRCM retrofitted masonry
panel is provided in Fig. 5.8. The lined area represents the compressed zone
of the cross section. The FRCM layer was modelled using two components,
the embedded CFRP mesh (dotted line) and the reinforced mortar (dense
lined area). It was assumed that the strain profile was linear, and the CFRP
mesh and reinforced mortar were perfectly bonded without any slip until
CFRP mesh rupture occurs.
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Polymer-mod. mortar

Figure 5.8: Cross section analysis of FRCM retrofitted specimens.

The strain distribution over height z was obtained using Eq. 4.29. For
the maximum strain on the compressed side (εA), a corresponding maximum
tensile strain of the masonry (εB ) was determined where the condition as
provided in Eq. 5.9 was met. This was the condition in which the tensile
forces (CFRP mesh and cementitous matrix) and compressive force in the
masonry were in balance. The net force in the masonry was obtained using
Eq. 4.31. It should be noted that for the analysis in this section, the masonry
was selected as a material with a bilinear compressive behaviour with a
compressive strength, yield strain and ultimate strain of 14.8 kN , 0.25% and
0.35% respectively. The tensile strength of the mortar joints was neglected.
The tensile forces in the embedded CFRP mesh and the cementitous matrix
were determined in accordance with Eqs. 5.10 and 5.11 respectively.

Both the moment and curvature were determined with Eqs. 5.12 and
4.34 respectively. The thickness of the unreinforced masonry and the FRCM
layer were represented by tm and tF RC M respectively. The distance between
the centre of the URM panel (z=0 mm) and the CFRP mesh (z=50 mm)
is represented by zmesh . The cross-sectional area of the CFRP mesh (Amesh)
was 8.8 mm2 for 10 continuous CFRP strands.

Fm +FC M +Fmesh = 0 (5.9)

FC M =
∫ tm

2 +tF RC M

tm
2

σC M (ε (z)) lw d z (5.10)

Fmesh = ε (z)Emesh,em Amesh (5.11)

M =
∫ tm

2

− tm
2

σm (ε (z)) lw z d z +∫ tm
2 +tF RC M

tm
2

σC M (ε (z)) lw zd z

+ε (zmesh)Emesh,em Amesh zmesh

(5.12)
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Results

Using the input parameters as provided in Table 5.2, a moment-curvature
curve is obtained using the proposed model and compared with the mean
(tri-linear) experimental outcome, as shown in Fig. 5.9. With the given set
of input parameters, ( fC M = 4.23 N/mm² and εF RC M ,u = 1.91%) the mo-
ment at ultimate curvature following the model was obtained as 1.39 kNm,
which corresponds well with the mean experimental result. The value for
the ultimate curvature following from the model however significantly over-
estimated the curvature found in the experiments. This is mainly attributed
to the difference in the governing failure mechanism between the tensile
tests and the out-of-plane experiments. In contrast to the tensile tests that
failed predominantly due to CFRP mesh slippage, the OOP-FRCM specimens
all failed due to CFRP mesh rupture. The measurements of the (ultimate)
strain in the tensile tests included the slip of the CFRP mesh, whereas in the
out-of-plane experiments only limited slippage of the CFRP mesh occurred,
which resulted in a lower value for the (ultimate) strain. By changing the
ultimate strain εF RC M ,u to 0.64%, as shown with the dashed line in Fig. 5.9,
both the ultimate curvature and moment capacity following from the model
correspond well with the mean experimental results.

A significant deviation was observed for both the cracking moment and
corresponding curvature when comparing the model outcome with the ex-
periments. This difference was attributed to the formation of shrinkage
cracks during the curing process and transport, leading to a decrease in
cracking strength. When the tensile strength of the uncracked FRCM is re-
duced from 4.23 N/mm² to 1.73 N/mm², a better fit is obtained between
the model and mean experimental outcome for stage I (dash-dotted line in
Fig. 5.9). Additionally changing the value from α=0 to α=0.8 (to account
for non-linear tension-softening behaviour) improves the fit of the slope of
stage II and stage III between the model outcome and the mean experimen-
tal results (solid black line Fig. 5.9).

Figure 5.9: Moment-curvature comparison between proposed model and mean tri-
linear experimental outcome.
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5.2 Full scale experimental program

The wall specimens for the full-scale out-of-plane experimental program
were built in the testing laboratory, using M10 mortar (see section 2.1 for
more information). These specimens were built and tested in the same batch
as the experimental program covered in Chapter 4 and the construction of
the masonry walls followed the same procedure as presented in section 4.1.
A total of 3 walls were constructed and reinforced with two FDM CFRP strips
each and a single-sided FRCM overlay, following the installation procedure
mentioned in section 1.4 and 1.5. The CFRP mesh had 44 continuous strands
in the vertical direction. A schematic overview of the reinforced walls is pro-
vided in Fig. 5.10. Similar to the STRIP walls in Chapter 4, strain gauges
were attached to the CFRP strips.

Polymer-mod. mortar

Push Pull

Cycle direction

Figure 5.10: Schematic overview of a FDM CFRP and single-sided FRCM overlay
retrofitted specimen and location of the strain gauges.
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The tests were conducted on the test setup provided in Fig. 4.4, with
the two line-load configuration as presented in Fig. 4.6. As for the loading
procedure, the cyclic loading protocol presented in section 4.1.3 was fol-
lowed, consisting of a low loading speed phase Stage I; 1 mm/s and a higher
speed loading phase Stage II; 5 mm/s. It should be noted that due to control
difficulties of the electric actuator at higher loads, a lower loading rate was
maintained compared to the STRIP specimens covered in 4. The loading
speed for the FRCM specimens, during both test stages is provided in Table
5.3. The measurements during the experiments were processed following
the steps covered in section 4.1.4.

Table 5.3: Loading rates: target values and realized values at mid-height.

Specimen Stage I Stage II
Target Mid-height Target Mid-height
(mm/s) (mm/s) (mm/s) (mm/s)

FRCM-1 2 1.35 5 4.13
FRCM-2 2 0.98 5 4.05
FRCM-3 2 1.00 5 4.10

5.3 Full scale test results and discussion

The results of the full scale tests are summarized in Table 5.4 and the param-
eters were explained and illustrated in section 4.1 and Fig. 4.9 respectively.

Table 5.4: Global force - mid-span displacement behaviour.

Parameter Unit Direction FRCM-1 FRCM-1 FRCM-3
V kN 4.8 4.8 4.8
Line loads 2 2 2

Maximum

Pmax kN + 15.25 15.03 14.50
- 7.94 8.00 7.16

Mmax kNm + 7.83 7.72 7.45
- 4.08 4.11 3.68

δ3,max mm + 145.4 91.7 97.4
- 117.4 93.1 94.5

Ultimate

Fu kN + 2.63 1.10 1.21
- 4.09 7.37 7.86

Mu kNm + 1.35 0.56 0.62
- 2.10 3.79 4.04

δ3,u mm + 184.2 175.1 130.1
- 122.1 141.1 135.4

CFRP

σL,max N/mm² + 336 284 288
- 1045 1126 1068

σR,max N/mm² + 312 288 367
- 1031 1092 1057

Φ % 36 39 37
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5.3.1 Moment-displacement behaviour

The global mid-span lateral moment-displacement diagrams for the tested
specimens are shown Fig. 5.11. The light grey lines represent the individual
cycles, whereas the thick black lines highlight the backbone curve. The solid
dark grey lines represent the first cycle with 50 mm target displacement.
The cycle in which FRCM failure occurred is highlighted by the dotted thick
grey lines. The top graphs in Fig. 5.11 represent the pre-failure cycles,
whereas the graphs at the bottom graphs represent the post-failure cycles.
The backbone curve covers the envelope curves up to and including the
failure cycle. The post-failure behaviour has no relevance for the practical
applicability of the seismic retrofit system because CFRP mesh rupture was
considered as wall failure.

Figure 5.11: Moment – mid span displacement plots of specimens FRCM-1, FRCM-2
and FRCM-3: pre-failure (top row) and post-failure (bottom row).

The backbone curves of the lateral moment - mid span displacement
for all FRCM specimens are shown together in Fig. 5.12, together with
the backbone cures for URM walls and walls retrofitted solely with FDM
CFRP strips (coded STRIP) obtained from the experimental campaign pre-
sented in Chapter 4. From Fig. 5.12 the difference was observed between
the mid-span displacements

(
δDW S,3

)
corresponding to the maximum lat-
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eral moment resistance. Even though no significant differences were found
in the maximum lateral moment resistances between the FRCM specimens
for both the push (mean 3.96 kNm) and pull side (mean 7.67 kNm), the
corresponding mid-span displacements for FRCM-1 was significantly greater
when compared to specimens FRCM-2-3. This difference was predominantly
caused by the debonding failure mechanism of FRCM-1, as no significant
difference was observed for the push direction of the FRCM specimens until
δDW S,3 ≈ 100mm.

Figure 5.12: Backbone lateral moment – mid span displacement plots of all FRCM
specimens. The URM and STRIP-2-3-4-5 specimens were obtained from
Chapter 4.

Compared to the URM and STRIP specimens, the single-sided FRCM over-
lay not only provided significant added value in terms of lateral moment –
mid span displacement capacity on the pull side, but also for the push side
as shown in Fig. 5.12. The mean lateral moment resistance of the URM
specimens was 0.78 kNm. With the specimens in the current experimental
campaign, the mean lateral moment resistance was increased by 408% and
883% for the FRCM side in compression and tension respectively. For the
mean displacement

(
δ3,max

)
corresponding to the lateral moment resistance,

an increase from 2.1 mm (URM) to 94.2 mm (FRCM-2-3) was realised.
The mean lateral resistance of the STRIP specimens corresponding to a

mid-span displacement target of 100 mm was 1.6 kNm. The presence of the
15 mm thick FRCM layer in the compressed area of the cross-section during
push cycles resulted in a 148% increase in lateral moment resistance of FDM
CFRP retrofitted walls for similar mid-span displacement target values and
same axial load on top of the wall. The average lateral moment resistance
of FDM CFRP retrofitted walls was found to be 1.82 kNm, meaning that the
addition of a single sided FRCM overlay to form a combination of retrofit
measures provided a significant increase in lateral moment resistance.
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5.3.2 Failure mechanisms and damage to masonry

The hairline cracks (grey lines) and full crack patterns (bold black lines)
for the FRCM side of the tested specimens are illustrated in Fig. 5.13. At
the start of the loading process the lateral load was primarily resisted by
the cementitious matrix until cracking. Afterwards the matrix underwent a
multi-cracking process with some debonding at the mesh–matrix interface
similar to findings reported in [123]. Eventually, all specimens failed due to
CFRP mesh rupture (Fig. 5.14. The location of these ruptures was approxi-
mately at the bed joints between the 26th-27th , 18th-19th and 30th-31st brick
layers (counted from the top) for FRCM-1, FRCM-2 and FRCM-3 respectively.

Figure 5.13: Schematic overview of the crack pattern of the FRCM specimens in the
full-scale out-of-plane experimental campaign.

Specimen FRCM-1 showed approximately twice the hair-line cracks over
the height of specimens compared to FRCM-2-3. Additionally, the hairline
cracks of FRCM-1 also reached towards the top and bottom of the specimen.
These differences were attributed to the FRCM debonding failure mecha-
nism which was observed for the FRCM-1 specimen, as shown in Fig. 5.15.
This failure mechanism was caused by the faulty installation of the CFRP
mesh within the cementitious matrix for specimen FRCM-1.

Looking at the damage to the masonry on the as-built side of the speci-
mens, multiple bed joint cracks over the height of the wall were observed,
ranging from 14 to 17 cracks in total and mainly concentrated at the con-
stant lateral moment region. This observation was in line with the damage
observed for walls retrofitted with solely FDM CFRP, as was illustrated in
4.17. Some local crushing of the mortar was also observed on the as-built
side of the specimens. After the CFRP mesh rupture, increased crushing of
the cementitious matrix was observed for the post-failure push cycles.
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Figure 5.14: Close-up of the CFRP mesh rupture
failure of FRCM-3.

Figure 5.15: FRCM debonding
failure of FRCM-1.

5.3.3 Stresses in the CFRP strip

Using the equations presented in section 4.1.4 the tensile stress distribution
of the CFRP strips were determined. The stress distribution in both the left
(dashed lines) and right (solid lines) CFRP strips are shown in Fig. 5.16 for
all the FRCM specimens, at various target displacements during the pull (+)
cycles (FRCM in tension). The same stress distributions are shown in Fig.
5.17 for the push (-) cycles (FRCM in compression).

Overall the stress levels of the CFRP strip that were attained in the push
and pull cycles differed significantly for both the pre-failure and post-failure
stages. The stress in the CFRP strips at 50 mm mid-span displacement
(diamond marked lines) was significantly lower for the pull cycles than for
the push cycles. The overall mean stress values following from the middle
two strain gauges at approximately 50 mm mid-span displacement was 161
N/mm² and 642 N/mm² respectively. For the displacement corresponding
to the pre-failure cycle, the difference of the CFRP strip stresses remained
significant between the pull (336 N/mm²) and push cycles (1107 N/mm²).
A difference in CFRP strip stresses was also observed between FRCM-1 and
FRMC-2-3 on the pull side for the pre-failure cycle. The overall mean stress
value from the middle two strain gauges were 434 N/mm² and 287 N/mm²
respectively when the target displacement was reached. This difference in
CFRP stress was attributed to the difference between the mid-span displace-
ment levels corresponding to the pre-failure cycles, which were 130 mm for
FRCM-1 and 93 mm for FRCM-2-3.

Looking at the post-failure cycles the tensile stress distribution of the
CFRP strips for the FRCM-1 specimen was similar for the push and pull-
cycles. The CFRP strip stress difference between the push and pull cycles
for the FRCM-2-3 specimens contrarily, showed a significant difference in
stress distribution. Whereas the push cycles continued to show a parabolic
stress distribution over the height, the pull cycles had a more bilinear shape,
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with lower peak values near the height position of the full FCRM crack.
Comparing the push cycle of FRCM-1 with FRCM-2-3, the CFRP strip stresses
were significantly lower for the FRCM-1 specimen. This was attributed to the
debonding failure mechanism of specimen FRCM-1, where due to the local
detachment of the FRCM layer the effective lever arm (and thus the CFRP
stresses) between the compressed zone and the CFRP strips decreased.

Figure 5.16: Stresses in left (dashed line) and right (solid line) CFRP strips in N/mm²
over the height for all the FRCM specimens during a pull cycle (FRCM
in tension).

Figure 5.17: Stresses in left (dashed line) and right (solid line) CFRP strips in N/mm²
over the height for all the FRCM specimens during a push cycle (FRCM
in compression).
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5.3.4 Internal moment - CFRP stress - curvature

The internal moment and curvature correlations for the STRIP specimens
were determined using the data processing steps as mentioned in section
4.1.4. It should be noted that specimen FRCM-1 was emitted from the anal-
ysis due to incorrect installation of the CFRP mesh. The internal moment
and curvature relations for the FRCM specimens are provided in Fig. 5.18.
A strong linear correlation was found between stress in the CFRP strips and
the internal moment: R2 = 0.97 for when the FRCM layer was in tension
(pull-cycle) and R2 = 0.98 for when the FRCM layer was in compression
(push-cycle). The internal moment and CFRP stress relations for the FRCM
specimens, are provided in Fig. 21. Strong linear correlations R2 = 0.95 were
found between stress in the CFRP strips and the internal moment for the
scenario when the FRCM layer was in tension (pull-cycle) or in compression
(push-cycle).

Figure 5.18: Internal moment versus: curvature (a) and CFRP stress (b) for 3
8 hw ≤

x ≤ 5
8 hw of FRCM-2 and FRCM-3. The solid and dashed lines show

the linear regression (LR) when the FRCM overlay is in tension and in
compression respectively.

5.3.5 Initial and effective stiffness

From the force displacement
(
δDW S,3

)
relation per half run both the initial

stiffness (ki ni ) and effective stiffness
(
ke f f

)
of the tested walls were deter-

mined following the procedure presented in section 4.2.7.
The initial stiffness of the wall, ki ni , was taken as the slope of the F -δ

loading branch within the displacement range δDW S,3 = [−2.5mm,2.5mm].
The value of the slope was calculated by fitting a linear regression through
the data points. The initial stiffness ki ni as a function of the target displace-
ment δDW S,3,r un for each run for all specimens tested with the four line load
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configuration (URM, STRIP-1-2-3) is shown in Fig. 4.26a. The same rela-
tion is shown in Fig. 4.26b for the specimens tested with the two line load
configuration (STRIP-4-5-6).

The initial stiffness ki ni as a function of the target displacement δDW S,3,r un

for each run FRCM-2 and FRCM-3 is shown in Fig. 5.19a. Looking at the
power regressions line constructed for both the pull and push cycles a small
difference for the initial stiffness was found between the push and pull cy-
cles, where the pull cycle (FRCM in tension) was slightly higher. With in-
creasing target displacement, the initial stiffness of both the pull and push
cycles declined. This decline was linked to the accumulation of damage
during loading repetition. The effective secant stiffness of a half run was
determined in accordance with Eq. 4.14. The effective stiffness ke f f as a
function of the target displacement δDW S,3,t ar g et is shown in Fig. 5.19b.

Figure 5.19: The initial stiffness ki ni (a) and effective stiffness ke f f (b) versus the
target displacement δDW S,3,t ar g et for each run for FRCM-2 and FRCM-
3. Solid grey and black dashed lines represent the power regression for
pull and push respectively.

5.4 Non-linear model

In addition to the non-linear model with the FDM CFRP strip, as was pre-
sented in section 4.4.2, the FRCM layer was included. The simplified rectan-
gular cross section of the FDM CFRP retrofitted specimens is provided in Fig.
5.20. The FRCM layer was modelled using two components, being the CFRP
mesh and the polymer-modified mortar. It is assumed that the strain profile
is linear, and the CFRP strips, CFRP mesh and polymer-modified mortar are
perfectly bonded without any slip until CFRP mesh rupture occurs.

The lined area in Fig. 5.20 represents the compressed region of the cross
section. Two CFRP strips (z=0) generate a combined tensile force of Fp . The
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net force in the masonry is the sum of the masonry tensile force
(
Fm,t

)
and

the masonry compression force
(
Fm,c

)
. The strain distribution over height z

is obtained using Eq. 4.29, where εA and εB are the maximum compressive
and tensile strain respectively for the faces of the masonry wall.

Polymer-mod.
mortar

Figure 5.20: Cross section analysis of the FDM CFRP and single sided FRCM overlay
retrofitted specimens.

For the maximum strain on the compressed side (εA), a corresponding
maximum tensile strain of the masonry (εB ) was determined where the con-
dition as provided in Eq. 5.13 was met. It should be noted that when the
FRCM layer was in compression, the contribution of the CFRP mesh was
neglected. The axial load (V ) on a specimen and the weight (W ) of a spec-
imen were 4.8 kN and 5.6 kN respectively. The net force in the masonry
(Fm), and the tensile force in the CFRP strips (Fp) were obtained from Eq.
4.31 and 4.32 respectively. The tensile forces in the embedded CFRP mesh
(Fmesh) and the cementitious matrix (Fcm) were determined using Eq. 5.10
and 5.11 respectively. The compressive behaviour of the cementitious ma-
trix was assumed to be linear-elastic until the compressive strength fC M ,c

was reached. The moment and curvature were determined with Eqs. 5.12
and 4.34 respectively.

Fm +Fp +Fcm +Fmesh +V + W

2
= 0 (5.13)

With the material parameters for the masonry and the CFRP strip as was
provided in Table 4.4 (G f I = 11.5N /m), and the updated material param-
eters for the cementitious matrix and the embedded CFRP mesh as listed
in Table 5.5, the moment-curvature relationship following from the model
was obtained for both out-of-plane loading directions. This relationship
is shown with a black dotted line in Fig. 5.21a and compared to the ob-
tained internal moment-curvature relationships of the constant moment re-
gion ( 3

8 hw ≤ x ≤ 5
8 hw ) for specimens FRCM-2 and FRCM-3 (grey dots). Look-

ing at the results for when the FRCM layer is under compression (black
lines), there was a slight decline in the internal resistance after the first
crack, which was not consistent with the experimental findings. This de-
cline was also the case for the cross section analysis with no single-sided
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FRCM overlay. Looking at the results for when the FRCM layer is under ten-
sion (dotted black lines) the internal moment – curvature relationships are
slightly overestimated, whereas the internal moment – CFRP strip stress re-
lationship was underestimated. The lateral moment – CFRP stress relation,
as shown in Fig. 5.21b, provided a good approximation of the experimental
results.

Table 5.5: Material parameters of the cementitious matrix and CFRP mesh.

Parameter Symbol Value Unit
Cross sectional area of the embedded CFRP mesh Amesh 42.2 mm²
Young’s modulus of the polymer-modified mortar EC M 27,680 N/mm²
Compressive strength of the polymer-modified mortar fC M ,c 62.5 N/mm²
Tensile strength of the uncracked FRCM fC M ,t 1.73 N/mm²
Tensile strength of the embedded CFRP mesh fmesh 1,700 N/mm²
Shape factor for tension softening curve α 0.8 -
Ultimate tensile strain of the CFRP mesh εF RC M ,u 0.64 %

Figure 5.21: Internal moment versus: curvature (a) and CFRP strip stress (b) re-
lationship following from the cross-section analysis with the internal
moment-curvature relationships for the constant lateral moment area
for FRCM-2-3.

Using the same procedure as mentioned in section 5.1, the non-linear
material models, the cross section analysis and the lateral moment - displace-
ment relationship were determined and compared with the experimental re-
sults. This relationship is shown in Fig. 5.22 with the dotted black line. Even
though the level of maximum lateral moment resistance following from the
model seemed consistent with the experimental outcome, the corresponding
mid-span displacement showed a significant deviation. The reason for this
deviation was linked to the value maintained for the ultimate tensile strain
of the FRCM. Following the findings from section 5.1 the initial ultimate

157



5. Hybrid retrofit with FDM CFRP and FRCM: out-of-plane behaviour

tensile strain of the FRCM was changed from εF RC M ,u = 1.91% (obtained
from tensile slab tests) to εF RC M ,u = 0.64%, in order to provide a better fit
between the outcome of the cross-section analysis and the results from the
four-point bending tests with FRCM retrofitted beams. Increasing the value
for the ultimate tensile strain of the FRCM by 30% from εF RC M ,u = 0.64% to
εF RC M ,u = 0.83%, resulted in an improved fit with the experimental values,
as shown in both Fig. 5.21a and Fig. 5.22 in black solid lines. Looking
at Fig. 5.21b, given a value for internal moment, the model significantly
overestimates the stress in the CFRP strips. The non-linear model assumed
that the strain profile is linear, and that the CFRP strips are perfectly bonded
without any slip. As mentioned for the cross-section analysis using only the
FDM CFRP strips, the slip of the FDM CFRP strips was not negligible. Even
though the tensile stresses of the CFRP strips were overestimated, the lim-
ited effect of the CFRP strips on the internal moment capacity did not affect
the overall prediction of the model.

Figure 5.22: Lateral moment-displacement relationship obtained using the non-
linear model, compared with specimens FRCM2-3.

The contribution of FRCM in compression was included. Meriggi, de Fe-
lice and De Santis [124] report that only in the case of composite reinforced
mortar composites, which are 30-50 mm thick and whose spalling/buckling
is prevented by the FRP connectors, the presence of the reinforcement on
the compression side is accounted for by increasing the thickness of the wall
cross section. Neglecting the contribution of FRCM in compression resulted
in a significant deviation between the model outcome and the experimental
result, as shown in Fig. 5.23. It is worth noting that up to a mid-span dis-
placement of 100 mm, the dotted line had a reasonable fit with the moment-
displacement relationship obtained for the STRIP-4-5 specimens. Based on
these findings, the inclusion of the contribution of FRCM in compression is
justified.
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5.4 Non-linear model

Figure 5.23: Lateral moment-displacement relationship obtained using the non-
linear model, with neglected (dotted) and included (solid) FRCM in
compression, compared with specimens FRCM2-3.

5.4.1 Comparison with existing models

Two design guidelines have been recently developed, providing acceptance
criteria and design provisions for externally bonded FRCM systems for the
strengthening of masonry structures: the Italian guideline CNR-DT 215 and
the (at the time of writing not yet published) ACI and RILEM joint committee
guideline ACI 549 0L – RILEM TC 250-CSM. Meriggi, de Felice and De Santis
[124] report that there are still some crucial issues which need to be tackled,
including the development of a simplified approach for the design of the
FRCM reinforcement and the estimate of the deflection capacity. The same
authors proposed an approach for the design and evaluation of the ultimate
bending moment MR and of the corresponding displacement ud . This design
approach, provided in Appendix B, was followed for a FRCM retrofitted wall
with the same dimensions, axial load and CFRP mesh characteristics as the
tested walls reported in this chapter. It should be noted that safety/design
factors, characteristic values, the CFRP strips and second order effects were
left out of the analysis. The outcome of the aforementioned approach was
compared with the results obtained using the model proposed in the current
study (Fig. 5.24). For the model, the parameters in Table 5.5 with εF RC M ,u =
0.83% and Table 4.4 (G f I = 11.5N /m) were used.

Both the estimation for the ultimate bending moment and the corre-
sponding displacement were in agreement with the results of the proposed
model. The approach proposed by Meriggi, de Felice and De Santis [124]
seems able to provide simple and well estimated values for both the ulti-
mate bending moment and the corresponding displacement for the consid-
ered case.
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Figure 5.24: Lateral moment-displacement relationship following from the non-
linear model, together with the ultimate bending moment MR and
of the corresponding displacement ud obtained via the approach pre-
sented by Meriggi, de Felice and De Santis [124].

5.5 Conclusions

In the beginning of this chapter, an experimental campaign on the OOP
behaviour of masonry panels retrofitted with solely a single sided FRCM
overlay was discussed. From this experimental campaign and preliminary
modelling efforts the following conclusions were drawn:

1. The CFRP mesh provided significant added value (especially in terms
of deformation capacity) when compared to specimens reinforced with
solely a polymer-modified mortar overlay. Under four-point bending,
the mean moment capacity and corresponding curvature increased
from 0.6 kNm and 3·10−3/m respectively, to 1.3 kNm and 86·10−3/m
respectively. As no exact moment for the first crack could be deter-
mined for these specimens, no statement could be made regarding the
effect of the mesh on the cracking load.

2. Loading cyclically during the out-of-plane experiments did not affect
the strength, ultimate deflection or ultimate curvature when compared
to the statically loaded specimens. Additionally, no significant differ-
ence was observed between the envelope of the cyclically tested spec-
imen and the statically loaded specimens. Some permanent deflection
was observed during cyclic loading due to the slippage of the mesh.

3. Using the tensile test results as input parameters for the model, there
was a significant over-estimation of the cracking curvature, cracking
moment and ultimate curvature.
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4. Selecting lower values for the ultimate strain of the FRCM (stiffer
failure mechanism) and the tensile strength of the cementitious ma-
trix (formation of shrinkage cracks during curing), both the ultimate
and cracking moment-curvature relation following from the proposed
model corresponded better with the mean experimental results.

5. Introducing a factor to account for non-linear tension-softening be-
haviour results in an improved fit between the model and the experi-
ments regarding the slope of the crack formation and stabilized crack-
ing stages.

Subsequently, an additional experimental program was undertaken to
assess the out-of-plane behaviour of one-way spanning full scale clay brick
masonry walls retrofitted with deep and flexible adhesive mounted (FDM)
carbon fiber reinforced polymer (CFRP) strips and single sided fabric rein-
forced cementitious matrix (FRCM) overlay. In the experimental testing pro-
gram three full-scale masonry walls were tested with a four point-bending
test setup. The experimental out-of-plane experiments demonstrated the ef-
fectiveness of the proposed hybrid retrofit scheme within the current study.
From the experimental campaign the following conclusions were drawn:

6. All specimens failed due to CFRP mesh rupture. For one specimen,
where the CFRP mesh in the FRCM layer was installed incorrectly,
FRCM debonding was observed. This also resulted in two times more
observed hair-line cracks over the height when compared to the other
specimens.

7. For the displacement corresponding to the pre-failure cycle, the differ-
ence of the CFRP strip stresses remained significant between the pull
(mean CFRP strip utilization 11.7%) and push cycles (mean 38.4%).
This difference was caused due to the alternating compression zone
between the FRCM layer and the masonry.

8. The mean lateral moment resistances of the FRCM specimens were
found to be 3.96 kNm (FRCM under compression) and 7.67 kNm
(FRCM under tension), significantly higher for the mean lateral mo-
ment resistances found for both URM (0.78 kNm) and FDM CFRP
strips retrofitted specimens (1.82 kNm) tested under similar conditions
(Chapter 4). The addition of a single sided FRCM overlay to form a
combination of retrofit measures together with the FDM CFRP strips
provides a significant surplus in terms of lateral moment resistance.

9. For the mean mid-span displacement corresponding to the maximum
lateral resistance, an increase with a factor 45, from 2.1 mm (URM) to
94.2 mm, was determined with respect to unreinforced specimens.
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10. Strong linear relations were
(
R2 ≥ 0.95

)
were found for both the inter-

nal moment and the curvature, and the internal moment and the CFRP
strip stress levels.

11. The contribution of the FRCM layer in compression was found to be
significant for the lateral moment resistance, effectively resulting in an
increased lever arm between the FDM CFRP strips and the resultant
force of the compression zone when analysing the cross-section (over
the height) of the wall.

A simple and practical applicable out-of-plane model for FDM CFRP and
single sided FRCM overlay retrofitted masonry walls was proposed. A cross
section analysis using non-linear and linear material models for the used
components was applied. From the modelling efforts the following conclu-
sions were drawn:

11. The cross section analysis using non-linear and linear material models
provided a good approximation of both the internal moment – cur-
vature and the lateral moment – mid span displacement relation as
obtained with the experiments. This was applicable for both direc-
tions: FRCM in tension and FRCM under compression. In contrast to
existing literature, the inclusion of the contribution of FRCM in com-
pression was justified.

12. Even though the tensile stresses of the CFRP strips were overestimated
with respect to the internal moment, due to the slip of the embedded
CFRP strips being non-negligible, the limited effect of the CFRP strips
on the internal moment capacity did not affect to overall prediction of
the model.

13. Both the ultimate bending moment and the corresponding displace-
ment following from the proposed model showed good agreement
with values obtained using similar models in literature.

162











Chapter 6
Hybrid retrofit with FDM
CFRP and FRCM: in-plane
behaviour

For walls subjected to critical in-plane loading, the application of solely the
flexible deep mounted (FDM) CFRP strips retrofit was not sufficient, as it
was expected that the embedded CFRP strips would have an insufficient ef-
fect on the in-plane shear strength of the masonry [56]. In Chapter 1 the ad-
dition of a one-sided fabric reinforced cementitious matrix (FRCM) overlay
was proposed to form a hybrid retrofit with the FDM CFRP strips, in order to
enhance the strength and pseudo-ductility of masonry for in-plane loading
conditions. This chapter offers insight into the in-plane (shear) behaviour of
FDM CFRP strip and single sided FRCM overlay retrofitted masonry. Two dif-
ferent experimental campaigns are presented and the results are discussed.
An existing analytical model as well as various design provisions are com-
pared with the found failure mechanisms and failure loads. Chapter 6 is
based on [79,80].

6.1 Introduction

Past experimental programs assessing innovative strengthening systems based
on cementitious mortar matrices, highlighted a significant improvement in
both in-plane and/or out-of-plane lateral strengths of masonry walls [57,59–
64,66,67,125–127]. Based on the response of medium-scale clay brick shear
walls, beam-column type walls and beam type walls subjected to cyclic in-
plane loading, Papanicolaou, Triantafillou, Karlos and Papathanasiou [57]
concluded that FRCM overlays provide a substantial gain in strength and
deformability. The authors reported that FRCM jacketing is much more
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effective than FRP. The increased effectiveness is about 15–30% in shear
walls, 135% in beam-column type walls and 350% in beam type walls, on
the basis of tests conducted. With an experimental campaign medium-scale
walls, Babaeidarabad, De Caso and Nanni [62] showed that the increase
in ultimate in-plane strength is proportional to the amount of FRCM and
ranged between 2.4 and 4.7 times that of the unstrengthened specimens.
The authors reported that toe-crushing failure occurred for wallettes with a
calibrated reinforcement ratio higher than 4%, and therefore increments of
FRCM beyond this value were claimed ineffective. Ismail [61] investigated
the in-plane behaviour of medium-scale clay brick shear walls strengthened
with different types of FRCM systems. The shear strength of single-sided
retrofitted wallettes ranged from 113% to 148% compared with the strength
of the unstrengthened wallettes, whereas the shear strength of test wallettes
with a double-sided FRCM retrofit ranged from 446% to 481%. The lower
increase in shear strength for the single-sided retrofitted specimens was at-
tributed to the unrestrained boundary conditions of the diagonal compres-
sion tests, as these specimens showed out-of-plane bending behaviour. This
out-of-plane bending during the diagonal compression testing of single-sided
FRCM retrofitted specimens, caused by the eccentric stiffness resulting from
the application of the reinforcement on a single side, was also reported in
other researches [66,67]. Shabdin, Zargaran and Attari [67] tested medium-
scale URM walls strengthened with FRCM under diagonal compression in
order to consider the effect of strengthening on the behaviour of brick walls.
The authors concluded that FRCM improved the diagonal load carrying ca-
pacity and deformation capacity, which caused the strengthened walls to fail
in a ductile manner. Marcari, Basili and Vestroni [66] investigated the effec-
tiveness of using a Basal TRM system for in-plane shear reinforcing of vol-
canic tuff stone masonry. The average increase in shear strength was approx-
imately 40% for the single-side reinforced specimens, while the increase was
60% with double-side reinforced specimens. The authors also reported that
the TRM system changed the failure mode of the panels from joint-sliding to
diagonal cracking. Another experimental campaign carried out on medium-
scale tuff-masonry walls also showed that strengthened walls did not fail
under the characteristic diagonal sliding fracture, generally developing in
unreinforced masonry walls at the mortar-to-brick interface [59]. The ulti-
mate load in diagonal compression (and corresponding shear strength) for
strengthened walls were reported to be between four and six times greater
than the one observed for bare walls. Ismail and Ingham [64] conducted
an experimental program with full scale reversed cyclic in-plane testing of
FRCM strengthened URM walls. They observed the strength increment due
to TRM strengthening around 130% when the URM test walls were loaded
in-plane, with a notable increment in deformation capacity and ductility.

While the influence of FRCM reinforcement on the in-plane behaviour of
masonry wallettes has been a popular subject of research for the past years,
the influence of the aforementioned combination of retrofit measures on the
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in-plane shear capacity of masonry has not been investigated before. More-
over, this experimental program aims to investigate the possible degrading
effect of the proposed out-of-plane strengthening system on the in-plane
shear strength of masonry panels. The aim of the experimental campaign
for this study was to determine the effectiveness of a one-sided FRCM re-
inforcement combined with FDM CFRP strips to improve the in-plane shear
resistance of clay brick masonry walls. In this experimental campaign, quasi-
static cyclic in-plane shear tests were performed (cantilever configuration)
on full-scaled masonry walls strengthened with this combined reinforcement
system. Additional pull-out experiments were conducted to gain more in-
sight on the behaviour of foundation anchors, embedded in the same flexible
adhesive as the CFRP strips. Finally, the experimental results were compared
to the outcomes of existing design codes, to check the validity of these mod-
els for this combined retrofit system.

6.2 Quasi-static cyclic shear tests on walls

6.2.1 Building the test walls

The test walls for the quasi-static cyclic in-plane shear tests were built in
the testing laboratory of QuakeShield in Grijpskerk, the Netherlands. The
specimens were built on a reinforced concrete foundation beam by an expe-
rienced mason. The masonry walls were nominally 2450 mm high (hw ) and
had a thickness (tw ) of 100 mm. The lengths of the specimens (lw ) were
1100 mm (for the S specimens), 2000 mm (for the M specimens) and 4000
mm (for the L specimens). For each configuration three specimens were
built in order to test the effect of axial load (pv ) on the in-plane behaviour
for each geometry. The axial loads were 0.15, 0.3 or 0.5 N/mm², with the
only exception being specimen S1 (0.20 N/mm²), due to control difficulties
of low axial forces. An overview of the test specimens for the quasi-static
cyclic shear tests is provided in Table 6.1.

Table 6.1: Overview of the geometry of the specimens and the applied axial loads.

Unit S M L
lw mm 1100 2000 4000
hw mm 2450 2450 2450
tw mm 100 100 100

S1 S2 S3 M1 M2 M3 L1 L2 L3
pv N/mm² 0.20 0.30 0.50 0.15 0.30 0.50 0.15 0.30 0.50

The concrete foundation beam had a height of 180 mm and a width of
180 mm. It should be noted that the reinforced concrete beam used for the
M-specimens was 60 mm shorter than the length of these wall specimens.
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These wall specimens therefore extended 30 mm over the foundation beam
at both ends. The mortar for the masonry specimens was prepared in the
laboratory and the walls were built in running bond. Both the bed and head
joints had a nominal thickness of 12 mm and were fully filled. All walls
cured in air in the unheated laboratory (0-10 ◦C) for at least 28 days before
strengthening.

6.2.2 Reinforcing the test walls

Schematic overviews of the reinforced S, M and L walls are provided in Fig.
6.1, together with details and geometric properties. After the walls were
sufficiently cured (±28 days) the strengthening process started by milling a
number of vertical grooves (2, 3 and 5 for S, M and L specimens respectively)
of 65 mm depth and 10 mm width, spaced 850 mm apart. The distance of
the outer grooves to the side edges of the wall was 150 mm for the S and
M specimens and 300 mm for the L specimens. The dust in the groove was
removed with compressed air. The standard CFRP strip (20 × 1.4 mm²) of
the overall research was used. A layer of primer was then applied to the
groove to obtain an improved bond of the adhesives to the masonry. After-
wards, the CFRP strips (cleaned with acetone) were inserted into the groove
that was partially filled with the flexible adhesive. The vertical grooves at
the side ends were widened to 25 mm till a depth of 35 mm over the bot-
tom 500 mm. In each widened groove a 12 mm ribbed reinforcement bar
(B500B) with a length of 650 mm was fixed with a conventional stiff adhe-
sive (HIT-HY 100) inside a borehole of 150 mm in depth and angle of 30◦ in
the foundation beam. The remaining part of the steel rods were embedded
in the flexible adhesive within the aforementioned widened grooves over a
length of 500 mm. Excess adhesive till a depth of 30 mm in the standard
grooves and 10 mm in the widened grooves was removed.

After the placement of the strips and anchors, the walls were left to cure
for one day before applying the single-sided FRCM overlay. The masonry
surface was wetted prior to the mortar matrix application to secure proper
adhesion. A thin layer of mortar was subsequently applied to the masonry
surface by hand. The remaining parts of the grooves were also filled with the
same mortar. The CFRP mesh was then applied on the mortar matrix surface
and was pressed into the mortar matrix. After placing the CFRP mesh in the
mortar a new thin layer of mortar was applied to embed the CFRP mesh,
resulting in a nominal FRCM layer thickness of 15 mm. The specimens were
left to cure in the laboratory environment for a minimum of 28 days before
starting the experimental program.

6.2.3 Test setup and procedure

The quasi-static cyclic in-plane shear tests were performed in the test setup
of QuakeShield. The test setup is illustrated in Fig. 6.2, and shown in picture
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Polymer-mod. mortar

Figure 6.1: Schematic overview of the reinforced S, M, and L specimens.

in Fig. 6.3. The frame of the test setup is formed by two post-aligned steel
frames which were interconnected. The basis of the frame is a rectangular
closed portal frame (A in Fig. 6.2) in which the specimen was placed. The
bottom beam of it passes through the portal frame and supported the steel
shore (C) that connects to the portal frame at the position of the horizontal
actuator. Steel beam B in Fig. 6.2 takes care of the stability of the test setup
in transverse direction. All steel profiles of the test frame are interconnected
by weld connections thus minimizing movement in the connections. The
foundation beam was connected to a 15 mm steel plate with a fast-curing
epoxy. The steel plate allowed for a connection between the specimen and
the test setup. In addition to the epoxy-connection with the bottom steel
plate, the foundation beam was also kept in place by a mechanical connec-
tion (steel brackets) that covered the topside of the beam.

The topside of the walls was provided with a steel plate. To ensure a
uniform distribution of the vertical load, rubber pads were placed between
the loading beam and the steel plate. This steel plate in turn was provided
with 40 mm thick steel blocks which were positioned such that they fitted
exactly between the rubber pads. These steel blocks were used to transfer
the horizontal load from the loading beam to the walls (Fig. 6.2). The steel
plates were attached to the walls with a fast-curing adhesive after lowering
the loading beam. After curing for 24 hours (minimum), the experiment
was started.
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Figure 6.2: Schematic overview of the shear test setup. West direction = push; East
direction = pull.

Figure 6.3: Photo of the shear test setup.

The horizontal load was generated by a horizontally positioned hydraulic
actuator with a capacity of 500 kN. The horizontal load was applied in both
West direction (also referred to as push direction) and East direction (also
referred to as pull direction). A loading beam distributed this horizontal
load over the topside of the specimen. For the sake of symmetry in the
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push and pull cycles the force exerted by the horizontal actuator engaged
in the center of the load beam using two steel arms, on at each side of the
loading beam. The load beam was stiffened at the top with an IPE-profile on
which two vertically positioned hydraulic actuators with a capacity of 200
kN each, provided the desired vertical load on the test specimen. At the
topside the vertical actuators were fixed in position against the frame of the
test setup. Because the load beam would translate horizontally throughout
the test the vertical actuators were connected to the beam by means of crane
trolleys. The crane trolleys were in turn connected to the hydraulic actuator
by a load pin, which also enabled rotation of the crane trolley. This load
pin also monitored the load exerted by the actuators. Both load pins were
calibrated to a maximum force of 120 kN and had an accuracy of 0.3%. The
horizontal load which was exerted by the horizontal actuator was monitored
by a load cell positioned at each of the two steel arms. In addition to these
load measurement devices the horizontal and vertical loads were checked
by measuring the oil pressure within the hoses of the hydraulic power pack.

Displacement and deformation measurements were conducted by laser
sensors with an accuracy of 7 µm. Laser sensor 12 in Fig. 6.2 was used
for controlling the test and for constructing the force-displacement plots.
This sensor was connected to the steel plate on top of the specimens and
displacements were measured relative to a detached frame. Vertical de-
formation measurements were conducted on the narrow walls (S). These
deformations were measured by means of two laser sensors which were ap-
plied on telescopic tubes (8 and 9). The telescopic tubes covered nearly the
complete height of the specimens and monitored the vertical deformation of
the specimen. Shear deformations were measured on the medium and large
specimens by laser sensors on diagonally positioned telescopic tubes (6 and
7). Slip of the wall specimens over the bottommost bed joint was measured
by a laser sensor positioned on a detached measurement frame (5). The
same frame was used for the positioning of a laser sensor which measured
the displacement of the East top of the specimen (4). Possible vertical uplift
at the position of the steel anchors was measured by two laser sensors placed
on detached measurement frames (10 and 11). All measuring devices were
connected to a PLC-system which processed the data in real time. This data
was then forwarded by the PLC-system to a laptop and monitored by the
researcher. During the tests the nature and extent of the cracking pattern
was continuously observed and noted.

A cantilever configuration was chosen for this testing program, were ver-
tical deformation and rotation of the loading beam is not restrained. The
vertical force of both actuators was kept constant during the complete course
of the tests. The vertical loads exerted by both actuators was therefore not
depending on the exerted horizontal load nor the horizontal or eventual ver-
tical displacement. After applying the vertical pre-compression load the wall
specimens were subjected to cyclic shear loading. The cyclic shear load was
applied using computer controlled displacement steps, starting from 0.26
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mm with a speed of 0.2 mm/s. Each displacement step was applied two
times in both loading directions forming one load cycle, before increasing
the target displacement with 40%, based on the FEMA [72] protocol. This
continued until a target displacement of ±40 mm, which was the maximum
stroke of the horizontal actuator.

6.2.4 Direct pull test on steel anchors

The force in the anchors, especially during the rocking behaviour of a rein-
forced specimen, is a relevant parameter for modelling purposes. With the
test setup presented in the previous paragraph and the limitations in the lab,
the measurement of the force in the anchors was difficult to realize. In order
to gain more understanding on the mechanical behaviour of the flexible an-
chor connection, additional small-scale direct pull-out tests were performed.
Two possible scenarios were considered as shown in Fig. 6.4, regarding the
transfer of the tensile forces in the anchor into the reinforced specimen:

• Scenario A: The tensile forces in the anchor are fully transferred to the
masonry substrate via the adhesive.

• Scenario B: The tensile forces in the anchor are fully transferred to the
CFRP strip, via (predominantly) the adhesive and the masonry.

Polymer-mod. mortar

Figure 6.4: Possible stress transfer scenario’s from anchor to masonry/CFRP strip.

For both configurations 3 specimens were built of 8 (Scenario A) and
12 (scenario B) bricks in height, coded DPT-A and DPT-B respectively. The
installation and positioning of the anchor and strip was conducted accord-
ing to the same reinforcement method as described in section 6.2.2. Only
anchors were installed on the DPT-A specimens. The anchors installed in
the DPT-B specimen, were bonded to the bottom 490 mm of the specimen.
This was done to maintain a consistent anchorage length with the anchors
of the DPT-A specimens. The installed CFRP strip on the DPT-B specimen,
was bonded over the entire specimen length of 740 mm. The specimens are
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illustrated in Fig. 6.5. During testing, scenario A was realized by restraining
the masonry prism using a steel plate. Scenario B was realized by clamping
the extended piece of the CFRP strip, rather than using a steel plate. An
overview of the direct pull-out test setup is provided in Fig. 6.6.

Polymer-mod. mortar

Figure 6.5: Specimens for the direct pull-out tests.

Figure 6.6: Overview direct pull-out test setup.
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The direct pull-out tests were conducted on a 250 kN Instron universal
testing machine (Fig. 6.7). For the DPT-A specimens, the installation pro-
cess started by carefully positioning the prism under the loading grips of the
testing equipment, with the specimen resting on two support blocks. Hard-
board was put on the top of the prism to prevent stress concentrations due
to a possible non-flat surface of the brick. Then the steel restraint plate was
placed on top of the hardboard. To prevent undesirable wedge type failure
modes when using partial end restraint, a full restraint in the form of a 25
mm thick solid steel plate with three openings was selected. The centrally
located opening allowed the loaded end of the ribbed steel anchor to pass
through. The smaller two openings allowed the LVDT sensors to rest on
the specimen. The specimen was then lifted up, which made it possible for
the prism to find its own balance point and thus minimize the eccentricity
caused by imperfect installation of the anchor. Using M12 threaded steel
rods, the steel restraint plate was bolted tightly to the base of the setup.
Four LVDTs were installed prior to the load application process. The upper
two LVDTs (1 and 2) measured the loaded end slip, whereas the bottom two
LVDTs (3 and 4) measured the free end slip.

(a) Scenario A (b) Scenario B

Figure 6.7: Test setup for scenario A and B.

The installation process of the DPT-B specimens (Fig. 6.7b) was slightly
different from the DPT-A specimens (Fig. 6.7a). Aluminium plates of 100
mm in length, 20 mm in width and 2 mm in thickness were used to tab the
CFRP strips. After the tabs were roughened with sandpaper and thoroughly
cleaned with acetone, the tabs were glued to both sides of the extending
CFRP strip using high strength and fast curing 2-component epoxy adhesive.
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The prism was positioned under the loading grips of the testing equipment,
with the specimen resting on two support blocks. The specimen was then
lifted up via the aluminium grip plates. The extending anchor was clamped
using the grips at the base of the installation. Prior to the load application
process, four LVDT sensors were installed. The upper two LVDT’s (1 and 2)
measured the loaded end slip of the CFRP strip, whereas the bottom two
LVDT’s (3 and 4) measured the loaded end slip of the steel anchor. The
mean of two LVDT’s was used to establish the corresponding slip. The pre-
tension load was set at 1.0 kN. After resetting the sensors, the experiment
was started with a pull-out speed of 0.5 mm/min (loading grips).

6.3 Test results quasi-static shear tests

This section will provide an overview of the obtained results during the ex-
perimental campaign. The first five subsections focus on the in-plane shear
experiments, covering overall results, failure modes, strength and drift val-
ues, wall response parameters and finally the uplift of the anchors. The final
subsection covers the direct pull-out experiments.

6.3.1 Overview in-plane test results

A summary of the obtained in-plane test results is given in Table 6.2. The
maximum forces in both the pull (Hmax,east ) and push cycles (Hmax,west ) is
reported. Moreover the maximum net horizontal displacement (δmax , sen-
sor 4 in Fig. 6.2), the maximum drift (∆max , calculated in accordance with
Eq. 6.1) and the failure modes are shown. These parameters are discussed
in the following paragraphs.

∆max = δmax /hw (6.1)

Table 6.2: Principal results of the cyclic in-plane shear tests.

L
(mm)

pv

(N/mm²)
Hmax,west

(kN)
Hmax,east

(kN)
δmax

(mm)
∆max

(%) Failure mode

S1 1100 0.20 13.7 11.9 ± 28.6 ± 1.17 rocking
S2 1100 0.30 10.8 22.3 ± 40.0 ± 1.63 rocking
S3 1100 0.50 20.4 22.3 ± 40.0 ± 1.63 rocking/crushing
M1 2000 0.15 29.4 32.0 ± 40.0 ± 1.63 rocking/crushing
M2 2000 0.30 41.0 41.9 ± 40.0 ± 1.63 rocking/crushing
M3 2000 0.50 52.6 62.6 ± 40.0 ± 1.63 rocking/crushing
L1 4000 0.15 88.5 94.3 ± 40.0 ± 1.63 rocking/sliding
L2 4000 0.30 129.1 141.6 ± 28.6 ± 1.17 rocking/sliding
L3 4000 0.50 174.5 174.4 ± 28.6 ± 1.17 rocking/sliding
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6.3.2 Strength and drift

The hysteresis loops and backbone curves of all the specimens are provided
in Fig. 6.8, with grey and black colored lines respectively. For all the speci-
mens, a sudden drop in force was observed after the target displacement was
reached. This sudden drop was likely a limitation in the hydraulic equip-
ment preventing a smooth transition when changing the direction of the
movement of the horizontal actuator. The test on specimen S1 was aborted
due to the detachment of the foundation beam at a target displacement of
28 mm. The tests on specimens L2 and L3 were stopped due to significant
damage development in the region surrounding the anchors. The test on the
specimens S2, S3, M1, M2, M3 and L1 were stopped at a target displacement
of 40 mm as the maximum stroke of the actuator was reached.

Figure 6.8: Hysteresis loops and backbone curves for the S, M and L specimens.
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The difference in strength between the West and East side of the speci-
mens, was less than 16% for all tested walls, except for S2, where the dif-
ference was over 50%. From the hysteresis loop of S2 it can be concluded
that the West anchor was not activated during the push cycles. This was
accompanied by a significant increase in the walls capacity in the push di-
rection. Minimal to none activation of the anchorage occurred during the
pull cycles. This is expressed in the lower capacity of the wall in the pull
direction. After maximum activation of the anchor in push direction, the
force in the load-uplift plot drops back to almost the same value as for the
pull cycle. Faulty installation of the anchor could be a possible explanation
why the West anchor was minimal to none activated for S2, and thus leading
to a difference of more than 50% in strength between both sides. The east
anchors of both specimens M1 and M2 were pulled out from the foundation,
leading to crack formation around the initial location of the anchors in the
foundation beam.

Specimens S2 and M1 showed different load-displacement behaviour be-
tween the East and West sides. Looking at the hysteresis loop of specimen S2
in the pull direction, no drop in force was monitored during the post-peak
phase. This shows that the debonding process of the installed anchors was
not initiated. As mentioned before, the asymmetry in the load-displacement
diagram of specimen M2 was caused by the detachment of the foundation
beam during the pull cycles. The West anchor did not reach full strength
until a target displacement of 28 mm (versus 6.1 mm for the East anchor).

The axial load had a significant influence on the in-plane resistance of the
specimens. For the M and L specimens, a linear trend was found between the
applied axial load and strength of the specimen. The maximum measured
bed joint sliding for the S, M and L specimens were <1mm, <2mm and
>30mm respectively.

6.3.3 Failure modes

The failure modes of all specimens are illustrated in Fig. 6.9. None of the
specimens showed any shear damage at the treated or untreated surfaces.
As failure only occurred at the bottom side of the specimens, the upper part
of the walls is not shown in the illustrations in Fig. 6.9. All tested spec-
imens showed initial cracking at the bottom corners. These initial cracks
propagated over the complete length of the specimen during subsequent
loading cycles. Cracking mainly occurred at the the bottommost bed-joint of
the walls. The expected formation of cracks due to the vertical shear stress
concentrations caused by the deep grooves (needed for the out-of-plane re-
inforcement) did not occur.

All specimens started to show rocking behaviour during the tests. For
specimens S3, M1, M2, M3 rocking of the specimen was followed by crush-
ing of the specimens’ bottom corners. The uplift of the specimen had the ef-
fect of reducing the compressive zone which eventually led to toe-crushing.
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Due to the relatively low compression forces acting on specimen S1 and S2
these specimens did not show compressive failure.

For specimen S1, first cracking was observed at a horizontal force of
about 8 kN in push direction. During the pull cycles not only similar crack-
ing of the bed joint took place but also partial detachment of the concrete
foundation beam from the steel plate occurred. Consequently some uplift
of the West side of the foundation beam was observed due to rocking of the
complete specimen-foundation assembly during pull cycles. This partial de-
tachment of the foundation beam was not observed at the East side during
any of the push cycles, leading to different force-displacement behaviour in
push and pull cycles. It was found that the bracket at the West side of the
specimen, which should keep the foundation beam in place was not tight-
ened sufficiently. For specimen M1, uplifting of the foundation beam was
observed during the pull cycles. After observing this malfunction, the brack-
ets were tightened further. This detachment of the foundation beam was
not observed during any of the push cycles. During subsequent cycles of
the L-specimens, limited rocking and extensive sliding was observed. Subse-
quently detachment of the bottom corners next to the steel anchors occurred.

Figure 6.9: Failure patterns of the S, M and L specimens on the as-built side.

6.3.4 Wall response parameters

In-plane wall response parameters were calculated from the backbone curves
in the force-displacement graphs presented in Fig. 6.8. A summary of the
parameters calculated is shown in Fig. 6.10.

The bilinearised ultimate wall force Hu is determined in accordance with
Eq. 6.2. The bilinearised initial stiffness Ke follows from Eq. 6.3. The wall’s
structural ductility factor µ, the ratio of the ultimate displacement of the
wall over the bilinearised yield displacement, is obtained using Eq. 6.4.
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Figure 6.10: Equivalent bilinear in-plane wall response parameters [128].

Hu = 0.9Hmax (6.2)

Ke = Hu

δe
(6.3)

µ= δu

δe
(6.4)

where δe is the bilinearised yield displacement and δu is the wall’s ul-
timate displacement corresponding to a 20% force drop in the post-peak
phase. The wall’s response parameters for the tested specimens are listed in
Table 6.3.

The limited stroke of the horizontally oriented hydraulic actuator was
insufficient to reach a 20% force drop in the post-peak phase for the speci-
mens S1, S3, L2 and L3. For these specimens, the presented ductility factors
in Table 6.3 are a lower boundary. For the push side of specimen S2, the
wall’s structural ductility factor was found to be 4.9. For the M specimens,
the wall structural ductility factors were in the range of 3.7-14.7. It can be
observed that higher axial loads have a positive effect on the mean ductility
factor for the M specimens. For specimen L1, the mean ductility factor was
found to be 4.2. Similar to the M specimens, increasing the axial load seems
to increase the wall structural ductility factor. An increasing trend in bilin-
earised initial stiffness was observed as the axial load was increased, while
keeping the geometry of the specimen constant.
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Table 6.3: In-plane wall response parameters for all specimens.

Hmax Hu δe δu Ke µ

(kN) (kN) (mm) (mm) (kN/mm) (-)
S1 West 11.9 10.7 4.2 >28.6 2.6 >6.9

East -13.7 -12.3 -8.3 <-28.6 1.5 >3.5
S2 West 22.3 20.1 8.2 23.2 2.4 4.9

East -10.8 -9.7 -0.2 <-40.0 41.8 >25.0
S3 West 22.3 20.1 1.9 >40.0 10.7 >21.3

East -20.4 -18.4 -2.6 <-40.0 7.0 >15.2
M1 West 32.0 28.8 1.9 7.1 15.5 3.7

East -29.4 -26.4 -10.7 -38.4 2.5 3.6
M2 West 41.9 37.7 2.4 31.3 15.5 13.0

East -41.0 -36.9 -4.3 -36.9 8.5 8.6
M3 West 62.6 56.4 2.7 40.0 20.7 14.7

East -52.6 -47.3 -4.2 -40.0 11.4 9.5
L1 West 94.3 84.8 3.6 16.7 23.4 4.6

East -88.5 -79.7 -3.8 -14.3 20.8 3.8
L2 West 141.6 127.4 3.6 >28.6 35.8 >8.0

East -129.1 -116.2 -3.1 <-28.6 37.0 >9.2
L3 West 174.4 157.0 4.4 >28.6 36.0 >6.6

East -174.5 -157.1 -3.7 <-28.6 42.9 >7.8

6.3.5 Uplift anchors

The uplift of the walls at the moment of the maximum load is provided
in Table 6.4. As the anchorage method was consistent for all specimens,
the slip of the anchor (opening between foundation beam and reinforced
wall) at maximum applied load was also expected to be consistent. This
was not the case as a significant variation was found in the measured uplift
values at the failure loads. The observed detachment of the foundation beam
was a disturbing factor for the measured uplift of the West anchors of both
specimen S1 and M1. The same applies for the West anchor of specimen
S2 that did not enter the post-peak phase. The remaining variations in the
uplift values, can be explained by the imperfect clamping of the foundation
beam, the insufficient tightening of the steel transport plate to the bottom
frame and/or the deformation of the used bolt and threaded rods, leading
to an uplift of the foundation beam.

Table 6.4: The uplift of the anchor at maximum applied force.

S1 S2 S3 M1 M2 M3 L1 L2 L3
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Uplift east 3.10 4.49 3.48 2.47 6.24 11.12 7.81 12.76 7.86
Uplift west 8.88 14.31 2.14 18.68 13.42 12.07 9.50 3.88 4.50
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6.3.6 Overview pull-out test results

The results of the direct pull-out tests conducted on masonry prisms with
embedded anchors are shown in Fig. 6.11, where the pull-out load (pre-
tension force not taken into account) is plotted against the loaded end slip
of the anchors. The predominant failure mechanism was adhesive failure at
the anchor-adhesive interface for both scenarios.

Figure 6.11: Force-slip (free end) diagrams of the direct-pull-out tests.

The anchorage strength fmax , mean bond strength σmax and loaded end
slip smax at maximum pull-out load were determined at 48.78 kN, 2.59
N/mm² and 5.53 mm respectively for the DPT-A-1 and DPT-A-3 specimens.
For the DPT-B specimens, these values were found to be 17.90 kN, 0.95
N/mm² and 3.1 mm respectively. The significant lower value in strength for
the DPT-B specimens was likely caused by the relatively higher shear stresses
in the adhesive mass between the CFRP strip and the anchor, compared to
scenario A. These increased shear stresses could have expedited the crack
initiation process. The mean initial stiffness k50%, determined at 50% of the
strength and the corresponding slip, was found to be 12.30 kN/mm (DPT-A)
and 12.78 kN/mm (DPT-B). For the DPT-A-1 and DPT-A-3 specimens, a re-
duction in stiffness was observed at a loaded end slip of approximately 4 mm
(sd amag e). For specimen DPT-A-2, the damage initiation stage was entered
earlier due to incorrect surface preparation (not made dust free and not
made clean with acetone), and thus leading to a significant lower anchorage
strength. For the DPT-B specimens, a reduction in stiffness was observed at
a significant lower slip (±1mm). An overview of the obtained direct pull-out
test results are provided in Table 6.5. Looking at the corresponding slip val-
ues at full strength, a major difference was found between the results (Table
6.4).
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Table 6.5: Overview pull-out test results.

Fmax σmax smax k50% sd amag e

kN N/mm² mm kN/mm mm
DPT-A-1 46.54 2.47 5.28 11.55 ±4.0
DPT-A-2 33.18* 1.76* 3.71* 13.38 ±2.5
DPT-A-3 51.01 2.71 5.78 11.97 ±4.0
Mean 48.78 2.59 5.53 12.30
DPT-B-1 19.43 1.03 3.36 11.05 ±1.5
DPT-B-2 16.67 0.88 2.68 13.59 ±1.0
DPT-B-3 17.60 0.93 3.27 13.70 ±1.0
Mean 17.90 0.95 3.10 12.78
* Not included in the mean calculation

6.4 Comparison with design models

When out-of-plane buckling is not considered, then there are two failure
modes that can occur for walls loaded in-plane: moment failure/rocking
or shear failure. The governing failure mode is influenced by the aspect
ratio (height divided by length) and the ratio between the vertical and hor-
izontal loading. The moment and shear resistance of reinforced walls were
modelled using modified rules from Eurocode 6 [129]. The behaviour and
resistance of a reinforced wall is very much alike that of an unreinforced
wall. This with the exception that a tension element (anchor) in vertical
direction is present. Therefore some modifications on the existing equations
for unreinforced masonry walls were made. The used mechanical model is
presented in Fig. 6.12.

Figure 6.12: In-plane model.
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6.4.1 Moment capacity

The ultimate eccentricity (eu) is determined using Eq. 6.5. The ultimate
depth of the compression zone (xu), following Eq. 6.6, is based on a bi-
linear stress-strain relation for the masonry according to the Dutch national
annex to Eurocode 6 [129].

eu = lw

2
− 67

189
xu (6.5)

xu = 14

9

( fv + fv,r )

tw fm
(6.6)

Where fm is the compressive strength of the masonry, Fv,r is the tensile
force in the anchors and Fv is the axial force following Eq. 6.7. The own
weight of the reinforced wall (γ=2.12 kN /m2 is also taken into account for
the determination of the axial force.

Fv = qv lw + (lw hw )γ (6.7)

The moment resistance (MR) follows from Eq. 6.8. The resistance is
based on the equilibrium of the wall, which is influenced by the ultimate
eccentricity (eu) of the vertical reaction force (Fv ) and the tensile force in
the anchors (Fv,r ):

Mr = (Fv +Fv,r )eu +Fv,r

(
d − lw

2

)
(6.8)

The effective depth (d) of the anchors is determined in accordance with
Eq. 6.9:

d = lw − led g e (6.9)

Combing Eqs. 6.5, 6.6, 6.7, 6.8, 6.9 results in Eq. 6.10:

MR = (Fv +Fv,r )

{
lw

2
− 67

189

14

9

( fv +Fv,r )

tw fm

}
+ fv,r

(
lw

2
− led g e

)
(6.10)
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The moment resistance (MR) that follows from the experiments is deter-
mined by Eq. 6.11:

MR = Fh,test hw (6.11)

Combing and rewriting Eq. 6.10 and Eq. 6.11, results in Eq. 6.12, which
can be used to determine the tensile forces in the anchors according to the
proposed model. The α and β factors in 6.12 are determined using Eq. 6.13
and Eq. 6.14 respectively.

Fv,r =
β+ lw − (2v + led g e )

2α
(6.12)

α= 67

189

14

9

1

tw fm
(6.13)

β=
√

l 2
ed g e −2led g e lw +4Fv ed g e + l 2

w −2Fv w −4h,test h (6.14)

With the absence of anchors (Fv,r =0), the maximum horizontal load re-
sistance (FRh) follows from Eq. 6.15. This can be used to determine the
added value of the anchors for the moment resistance of the wall.

FRh = MR

h
= fv

h

{
lw

2
− 67
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14

9

Fv

tw fm

}
(6.15)

6.4.2 Shear capacity

With respect to shear failure again two situations have to be considered:

• Shear failure in the masonry wall, where the resistance is based on the
initial shear strength, the contribution from the normal stress and the
effective depth of the compression zone.

• Sliding of the masonry wall over the base, where the resistance is based
on dry friction only as no cohesive strength will be present due to the
rocking behaviour.
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According to Eurocode 6 [129] the shear resistance of an unreinforced
masonry wall VR is derived with Eq. 6.16. Since no shear tension failure was
observed in the compressed area of the tested specimens, the upper limit for
the shear resistance is not taken into account.

VR = lc tw ( fv0 +µmaσv ) (6.16)

Where (lc) is the length of the compressed area at the end section of the
wall, fv0 is the initial shear strength, µma is the average coefficient of friction
of the masonry and σv is the average compressive stress in the compressed
part of the cross-section determined using Eq. 6.17:

σv = Fv

lc tw
(6.17)

For the friction coefficient of clay brick masonry the value 0.75 was used,
as determined with the triplet shear tests and proposed in NPR9998 [92].
This coefficient was also used to describe the shear resistance of the base
joint between the masonry wall and the concrete base beam. It should be
noted that this joint has different properties than a regular bed joint in ma-
sonry. Firstly, due to temperature effects and drying shrinkage of the mortar,
the bond between concrete and masonry can be affected. Secondly, the
bond will be completely gone (i.e. fv0=0) when the masonry is subjected to
rocking. Taking the additional compressive force into account, caused by the
tensile force (Fv,r ) generated by the anchor in tension, the resistance against
shear sliding at the base joint is determined in accordance with Eq. 6.17.
When the contribution of the anchors is not taken into account (Fv,r =0) for
the resistance (VR,s0) against shear sliding, Eq. 6.17 changes to Eq. 6.19.

VR,s = 0.75(Fv +Fv,r ) (6.18)

VR,s0 = 0.75Fv (6.19)

6.4.3 Comparison with experimental results

By using the input parameters as provided in Table 6.6, the horizontal resis-
tance (FRh) when neglecting the contribution of the anchorage can be deter-
mined. The calculated resistance (FRh) was compared with the maximum
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horizontal resistance (Fh,test ) found with the experiments for the specimens
(S and M) that failed due to rocking. An overview of the results of these
specimens are provided in Table 6.7. It should be noted that the strongest
side (West or East) is considered.

Table 6.6: Input parameters analytical model.

Description Symbol Value Unit
Weight of the reinforced wall γ 2.12 kN /m2

Compressive strength masonry fm 15 N /mm2

Average coefficient of friction of the masonry µma 0.75 −

Table 6.7: Overview results analytical model for the rocking specimens (S/M).

Fv FRh VR,s0 Fh,test FRh/Fh,test Fv,r

(kN) (kN) (kN) (kN) (−) (kN)
Eq. 6.15 Eq. 6.19 Eq. 6.12

S1 27.7 6.1 20.8 13.7 0.45 20.2
S2 38.7 8.5 29.0 22.3 0.38 37.3
S3 60.7 13.1 45.5 22.3 0.59 25.2
M1 40.4 15.7 30.3 32.0 0.51 21.3
M2 70.4 27.1 52.8 41.9 0.67 19.0
M3 110.4 41.9 82.8 62.6 0.69 27.0

The maximum horizontal load resistance (FRh) (with the absence of an-
chors) for the S and M specimens are presented with dashed lines in Fig.
6.13. The added value of the anchors is set as the difference between the
experimental backbone curve and the analytically obtained maximum hori-
zontal load resistance FRh . These areas are marked in light grey. It can be
concluded that the effect of anchors for increasing the rocking capacity is
significant for the S and M specimens, with model / experimental ratios in
the range of 0.38-0.59 and 0.51-0.69 for the S and M specimens respectively.
Looking at Fig. 6.13, it is observed that the rocking capacity of specimen S2
was not influenced by the West anchor. Combined with the previously men-
tioned absence of the post-peak phase of the anchor bond, the conducted
analyses indicate that the West anchor of specimen S2 was not activated
during the experiment. Faulty surface conditions of the anchor (not cleaned
and made dust-free) could not be the only explanation, as the direct pull-out
results indicated that there still was some significant bonding capacity left
in this case. Possible explanations for the West anchor not being activated
could be the insufficient confinement of the anchor in the flexible adhesive
and/or the faulty preparation of the flexible adhesive.

For the specimens where sliding over the base joint occurred (L speci-
mens), the ratio between the maximum horizontal force on the specimen
and the calculated shear sliding resistance (VRs /Fh,test ) is < 1.0, as shown
in Table 6.8. For the L-specimens, the dark grey areas in Fig. 6.13 indicate
the difference between the maximum load during the in-plane experiments
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Figure 6.13: Marked backbone curves for the S, M and L specimens, with the added
value of the anchors for the rocking capacity (light grey areas), and for
the sliding resistance (dark grey areas).

and the sliding resistance VRs of the specimen including the extra compres-
sion force caused by the anchor (indicated by a dash-dot line). Comparing
the determined values for the sliding resistance with and without the con-
tribution of the anchors from Table 6.8, it can be observed that the addi-
tional compression force due to the anchors results in an increase of 14.8
kN (+24.5%) and 15.2 (+14.42%) in sliding shear resistance (following
the analytical model) for specimens L1 and L2 respectively. For specimen L3
the sliding shear resistance for the two aforementioned cases remained the
same. The contribution of the anchors in creating an additional compres-
sion force in the joint will result in an extra resistance against sliding due to
friction, hence probably explaining the specimen exceeding the calculated
sliding resistance VRs . Looking at the values for the rocking resistance FRh

in case of no anchors and the resistance VRs against shear sliding in the base
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joint for specimens L1 and L2 (as provided in Table 6.8), it can be observed
that the anchors first provide additional sliding resistance followed by an in-
creased moment resistance, preventing the rocking failure of the specimen.
The added value of the anchors is limited for both the rocking and sliding
behaviour of specimen L3, likely caused by the high axial load.

Table 6.8: Overview results analytical model for specimens (L) failing due to sliding.

Fv FRh VR,s0 Fh,test VR,s0/Fh,test Fv,r VR,s VR,s /Fh,test

(kN) (kN) (kN) (kN) (−) (kN) (kN) (−)
Eq. 6.15 6.19 6.12 6.18
L1 80.8 65.0 60.6 94.3 0.64 19.8 75.4 0.80
L2 140.8 111.9 105.6 141.6 0.75 20.3 120.8 0.85
L3 220.8 172.9 165.6 174.5 0.95 1.1 166.4 0.95

For the S and M specimens the determined tensile forces in the anchors
using Eq. 6.12 ranged between 11.7 and 37.3 kN (Table 6.7), with a mean
value of 20.1 kN (COV = 38.7%). Comparing the values for the analytically
determined anchorage strength from the in-plane experiments with the con-
ducted direct pull-out experiments, the calculated values predominantly fall
between the lower bound (scenario B) and the upper bound (scenario A)
as shown in Fig. 6.14. It can be concluded that scenario B, where the ten-
sile forces are pre-dominantly transferred from the anchor to CFRP strip,
provided a better approximation of the analytically determined anchorage
strength. Testing conform scenario A is not advised in the current study, as
the anchorage strength is significantly overestimated.

Figure 6.14: Comparison calculated and tested anchor strength.

Taking 17.9 kN as the mean strength of the anchors (following the pull-
out tests conform scenario B), the (moment) resistance of the wall FR can be
determined for the S and M specimens. The results are shown in Table 6.9
and Fig. 6.15. The model/experimental ratio was in the range 0.68-1.08 and
0.90-1.07 for the S and M specimens respectively. The model/experimental
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ratio of 1.4 for specimen S2 (east) was not included in Fig. 6.15 as the West
anchor minimally to not activated, as was shown in Fig. 6.13.

Table 6.9: Comparison analytical model (Fv,r = 17.9kN) and experimental results for
the specimens (S and M) failing predominantly due to rocking.

Fh,test .east Fh,test .west FRh VRs FR = mi n(FRh ;VRs ) FRM /Fh,test ,east FRM /Fh,test ,west

(kN) (kN) (kN) (kN) (kN) (−) (−)
Eq. 6.15 6.19
S1 13.7 11.9 12.8 47.6 12.8 0.94 1.08
S2 10.8 22.3 15.2 55.9 15.2 1.40* 0.68
S3 20.4 22.3 19.6 72.4 19.6 0.96 0.88
M1 29.4 32 29.5 57.1 29.5 1.00 0.92
M2 41 41.9 41.1 79.6 41.1 1.00 0.98
M3 52.6 62.6 56.1 109.6 56.1 1.07 0.90
* Anchor not activated

Figure 6.15: Model/experimental ratios for all specimens.

With the mean strength of the anchors (following the pull-out tests con-
form scenario B), the (sliding) resistance of the wall FR can also be deter-
mined for the L specimens. The results are provided in Table 6.10 and Fig.
6.15. The model/experimental ratio was in the range 0.78-1.03 for the L
specimens. The low ratios can partly be explained by the dowel effect of the
anchor in the compression zone not being taken into account.

Table 6.10: Comparison analytical model (Fv,r = 17.9kN) and experimental results
for the specimens (L) failing predominantly due to sliding.

Fh,test ,east Fh,test ,west FRh VRs FR = mi n(FRh ;VRs ) FR /Fh,test ,east FR /Fh,test ,east

(kN) (kN) (kN) (kN) (kN) (-) (-)
Eq. 6.15 6.19
L1 88.5 94.3 91.5 87.4 87.4 0.84 0.78
L2 129.1 141.6 138.2 132.4 132.4 0.92 0.84
L3 174.5 174.4 198.7 192.4 192.4 1.03 1.03
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6.5 Diagonal compression tests on wallettes

Within the full-scale wall experimental program rocking and sliding failure
were observed, but no shear failure of the masonry was observed for any
of the specimens. It was therefore considered essential to perform addi-
tional tests to determine the in-plane shear capacity of walls strengthened
with this combined system. The diagonal compression test was selected for
this purpose. While the influence of FRCM reinforcement on the in-plane
behaviour of masonry wallettes has been a popular subject of research for
the past years, the influence of the aforementioned combination of retrofit
measures on the in-plane shear capacity of masonry has not been investi-
gated before. Moreover, this experimental program aims to investigate the
possible degrading effect of the proposed out-of-plane strengthening system
on the in-plane shear strength of masonry panels. Finally, the experimental
results will be compared to the outcomes of existing analytical models and
design codes, to check the validity of these models for this combined retrofit
system.

6.5.1 Building the specimens

The specimens for the diagonal compression tests were built in the testing
laboratory of QuakeShield in Grijpskerk, the Netherlands. A total of 13 brick
clay masonry wallettes (ntest ) were built by an experienced mason. All spec-
imens had a square geometry of about 700×700 mm² (hw × lw ), a nominal
thickness of 95 mm and a nominal bed joint thickness of 12 mm. The panels
had reduced dimensions compared to the prescriptions (1,200×1,200 mm²)
of the ASTM E 519-02 [73] standard due to the geometrical limitations of
the test setup. The masonry specimens were constructed against a vertical
sideboard to ensure minimum horizontal deviation. Because of this con-
struction method, the mortar layer thickness of the sideboard side seemed
thicker due to the mortar flowing out in the gap between the masonry speci-
men and the sideboard. The masonry specimens were left to cure for at least
28 days in the unheated laboratory (8-18 ◦C) before retrofitting.

6.5.2 Reinforcing the specimens

A schematic overview of the different specimens in this study is provided in
Fig. 6.16. Details and geometrical properties of the specimens are provided
in Fig. 6.16 and Table 6.11. Four of the 13 specimens were left untreated
(URM). After the walls were sufficiently cured the retrofitting process of the
other specimens started, by installing one CFRP strip in the centre of each
wall following the installation procedure mentioned in section 1.4.

On three specimens (coded STRIP) no FRCM layer was installed (Fig.
6.17). For the remaining specimens (coded COMB) a single-sided FRCM
overlay was installed following the installation procedure mentioned in 1.5.
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The nominal FRCM layer thickness (tF RC M ) was 10 mm and 20 mm for the
COMB10 and COMB20 specimens respectively. Due to the added FRCM
layer, the mass of the COMB10 and COMB20 specimens increased with ap-
proximately 10.5 kg (21.4 kg/m²) and 21.0 kg (42.8 kg/m²) respectively. To
ensure the compression load being applied only on the masonry, the FRCM
layer was bevelled close to the edges. The specimens were left to cure for an
additional 28 days. Fig. 6.18 shows a photo of a COMB specimen.

Polymer-mod. mortar

Figure 6.16: Schematic overview URM, STRIP, COMB10 and COMB20 specimens.

Table 6.11: Geometrical properties of the reinforced specimens.

ntest Mean hw Mean lw FDM CFRP strip tF RC M

(−) (mm) (mm) (−) (mm)
URM 4 698.8 699.4 No -
STRIP 3 699.0 703.3 Yes -
COMB10 3 698.7 696.7 Yes 10
COMB20 3 696.0 699.3 Yes 20

When only the CFRP mesh, CFRP strip or the FRCM layer is considered,
the specimens had a reinforcement ratio of ρr,mesh = 0.046%, ρr,C F RPstr i p =
0.042% and ρr,F RC M = 10.5% (per 10 mm layer thickness) based on the cross
sectional areas. It should be noted that in practice, the reinforcement ratio
of the CFRP strip is variable, as the CFRP strips can be positioned closer or
further apart from each other depending on the design lateral load.
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Figure 6.17: Photo STRIP specimen Figure 6.18: Photo COMB specimen.

6.5.3 Test setup and procedure

To investigate the behaviour of the retrofit system under in-plane loading,
the diagonal compression test was chosen. The diagonal compression test,
as described in ASTM E 519-02 [73] is regarded as a simple procedure to
determine the shear strength of masonry elements. The principle of the test
is depicted in Fig. 6.19. The diagonal compression test was introduced to
simulate a pure shear stress state, in accordance with the situation depicted
in Fig 6.19. Under these conditions the Mohr’s circle of the stress states are
reduced (Fig. 6.19), leading to the corresponding value of average shear
stress following Eq. 6.20:

τ= Pp
2An

(6.20)

Where P and An are respectively the compressive force applied to the
specimen and the cross sectional area (parallel to the bed joint) of the spec-
imen. The principal tensile stress (σI ) is hence equal to the shear stress.
Using Eq. 6.20 and the ultimate force Pu leads to the shear strength as pro-
vided in Eq. 6.21, where fv and Pmax are respectively the shear strength and
the compressive failure load of the specimen:

fv = Pmaxp
2An

(6.21)

194



6.5 Diagonal compression tests on wallettes

Figure 6.19: Principle of test, pure shear stress state and Mohr circle.

The diagonal compression tests were performed at the Structures Labo-
ratory of Eindhoven University of Technology. The tests were performed on
a Schenk-Trebel servo hydraulic compression machine with a maximum ca-
pacity of 2.5 MN. The test setup consisted of a data acquisition system and
a monitoring system consisting of four LVDT’s with a measuring range of
+2 to -2 mm and an accuracy of ±1/500 mm. Vertically orientated LVDT’s
in the middle of both sides of the specimens measured the vertical defor-
mation (∆v ) over length gv , while two horizontally positioned LVDT’s (one
on each side of the specimen) monitored the horizontal deformations (∆h)
over length gh . A schematic overview and photo of the setup are provided
in Fig. 6.20 and Fig. 6.21 respectively. A steel v-shaped loading shoe at
the top and bottom side of the specimens was used to apply the compressive
load to the specimens. The steel shoe consisted of two 20 mm thick steel
plates with two 50 mm thick steel blocks in between (attached with M16
bolts). The steel blocks were perpendicular to each other and had a length
of 100 mm, as illustrated in Fig. 6.20. The steel shoes were provided with 10
mm thick softboard to prevent local stress concentrations near the supports.
Fig. 6.22 shows a photo of the loading shoe. It should be noted that due
to the reduced dimensions of the test specimens with respect to the ASTM E
519 [73] standard, the confining effect produced by the v-shaped steel shoes
could become more prominent and, consequently, result in a greater loading
capacity of the tested specimens.

Each test was performed under displacement control by using the dis-
placement measurement system of the testing machine. A displacement rate
of 0.08 mm/min was used until a compressive force of 12 kN was reached
(corresponding to the force needed to close the spacing of the ball hinge of
the compression machine) after which the displacement rate was lowered to
0.04 mm/min for the remainder of the test. The tests were stopped when
the compressive force dropped to zero or when significant damage occurred.
During the tests the crack were marked on the specimens and photographs
were taken of the crack propagation.
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Figure 6.20: Illustrations of the test setup and loading shoe.

Figure 6.21: Photo of the test setup.

Figure 6.22: Photo of the loading shoe.

6.6 Test results diagonal compression tests

6.6.1 Overview in-plane test results

The test results are summarized in Table 6.12. The failure load Pu and shear
strength will be discussed first. Failure modes, shear strains (γ), elastic shear
strengths (τe), shear moduli (G) and pseudo-ductility factors (µ) will be
covered in the following sections.
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The URM specimens had an average shear strength of 0.75 N/mm², while
the average shear strength of the masonry specimens reinforced with solely
a DM CFRP strip was 0.77 N/mm². From these results it can be concluded
that despite the deep grooves, the shear strength of a masonry element is not
affected significantly by the out-of-plane reinforcement system. The average
shear strength of COMB10 specimens was 1.24 N/mm², which is 1.7 times
the unstrengthened specimens’ shear strength. For the COMB20 the shear
strength was 1.36 N/mm², resulting in a shear strength amplification factor
of 1.8 compared to the URM specimens.

Table 6.12 also presents the spread of the strength values. A relatively
high scatter in results was obtained for the unstrengthened specimens and
the specimens reinforced with only a FDM CFRP strip, compared to the
FRCM reinforced specimens. This is however expectable considering the
general behaviour of the URM, and the brittle failure that occurred dur-
ing these tests. For the COMB20 specimens a considerably lower scatter
in results was found. Due to the significant lower FRCM layer thickness
of specimen COMB10-1 compared to COMB10-2 and COMB10-3, the shear
strength was also considerably lower. This indicates that the matrix mortar
layer thickness has an influence on the strength. However, no strong cor-
relation was found between the FRCM layer thickness and the failure load
(R2=0.4).

6.6.2 Failure modes

Depending on physical and mechanical properties of a wall, four possible
failure modes have been identified for URM [18,62,130,131] and described
by Li et al. [130] and Babaeidarabad et al. [132]:

• Shear sliding (Vss): failure takes place along a single bed joint caused
by bond failure between clay brick and mortar.(Fig. 6.23a)

• Shear stepped sliding (Vs f ): failure is controlled by the loss of bond
between the mortar and masonry units in the stepped-stair format.
(Fig. 6.23b)

• Diagonal tension (Vd t ): failure occurs when the principal tension stress
produced by the combination of shear and compressive forces reaches
the tensile strength of the wall. (Fig. 6.23c)

• Crushing (Vc): when the maximum stress on the edges of block ex-
ceeds the compressive strength of the masonry, compression failure
can occur. (Fig. 6.23d)

During the diagonal compression tests several types of failure mecha-
nisms were observed. The crack patterns of the tested specimens are illus-
trated in Fig. 6.24. Photos of some specimens after diagonal compression
testing are provided in Fig. 6.25.
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6.6 Test results diagonal compression tests

Figure 6.23: Possible failure modes: Shear sliding (A), shear stepped sliding (B),
diagonal tension (C) and crushing (D).

Figure 6.24: Crack patterns and propagation of the specimens (as-built side for
COMB10 and COMB20)

The failure behaviour of the unstrengthened specimens was brittle. Fail-
ure of these specimens was sudden and no considerable crack development
was observed prior to failure. All URM specimens except URM-4, failed by
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the formation of one large crack parallel to the loading direction. The crack
occurred sudden and immediately propagated over the height of the spec-
imen, leading to brittle failure. The crack mainly followed a stair-stepped
pattern, where cracking predominantly occurred at the interface between
the units and the mortar (i.e. shear stepped sliding failure). Unlike the
other control specimens, specimen URM-4 failed by shear sliding at the bed
joint located at the second layer from the bottom of the specimen.

(a) Specimen URM-2. (b) Specimen STRIP-3.

(c) Specimen COMB-20-1 as-built side. (d) Specimen COMB-20-1 reinforced side.

Figure 6.25: Photos of specimens after testing.

Specimens provided with only a DM CFRP strip showed mainly the same
failure behaviour as the unstrengthened control specimens. Specimen STRIP-
1 failed by shear sliding while the other two specimens, STRIP-2 and STRIP-
3, showed stair-stepped diagonal cracking (shear friction failure). The STRIP
specimens did not disintegrate like the unstrengthened specimens after reach-
ing the failure load. This is attributed to the CFRP strip, holding the speci-
men together after failure. Specimens provided with both a DM CFRP strip
and a single-sided FRCM overlay (COMB10 and COMB20) showed com-
pletely different failure behaviour. Contrary to the control specimens, these
specimens behaved more ductile. When the failure load was reached a large
diagonal tension crack was formed within these specimens on the as-built
side, covering the complete vertical diagonal of the panels. Unlike the con-
trol specimens the strengthened specimens still possessed a considerable
amount of capacity after reaching the failure load. During the course of the
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tests multiple cracks developed on the as-built surface of these specimens.
Eventually hairline cracks were observed at the strengthened side (typical
cracking displayed in Fig. 6.25d). Specimen COMB20-1 showed some addi-
tional masonry crushing near the bottom support at the final stage.

Where the COMB10-1 and COMB10-2 specimens had two diagonal cracks
parallel to the vertical diagonal on the as-built side, specimen COMB10-3
(with a nominal FRCM layer thickness of only 6.8 mm) showed two diag-
onal cracks at the bottom half and one diagonal crack at the top half of
the specimen. In contrary to the COMB10 specimens, the COMB20 speci-
mens showed three to four diagonal cracks over a wider area. A possible
explanation for this discrepancy in crack pattern may lie in the difference in
thickness of the upper mortar layer of the FRCM overlay. Grande, Imbimbo
& Sacco [133] conducted a parametric analysis on the interaction between
the CFRP reinforcement and the mortar matrix at the level of the interface
under shear bond test conditions. The researchers served that an increase
of the thickness of the upper mortar layer (within certain boundaries) and
thereby an increase in axial stiffness, led to an increase of the force sustained
by the reinforcement. It was found that the maximum force of a coupon with
an upper mortar layer of a certain thickness was 1.4 times higher than the
maximum force in absence of an upper mortar layer. This effect was re-
ported to be strictly correlated to the increase of the length of the transfer
zone (effective bond length) due to the increase of the axial stiffness of the
upper mortar layer [133]. The thicker upper mortar layer leading to an in-
creased utilization of the carbon FRP mesh is in line with the experimental
observations of this study of more cracks occurring at a wider area with an
increased FRCM layer thickness.

Next to the mentioned failure modes, out-of-plane bending deformation
on all the COMB10 and COMB20 specimens were observed towards the end
of the conducted experiments. This observation is shown in Fig. 6.26a for
the COMB20-3 specimen, where the dashed lines represent the specimen at
initial condition and the solid lines illustrate the specimen at the end of the
experiment. The out-of-plane (OOP) bending was confirmed by the differ-
ence in cracks between the reinforced side and the as-built side of the speci-
mens. Small cracks on the strengthened side and large cracks on the as-built
side are associated with out-of-plane bending deformation [126, 134] for
one side strengthened specimens subjected to diagonal compression tests.
The cracks on the as-built side, as shown in 6.26b for COMB10-2, closed
partly as the load was removed.

6.6.3 Shear stress-strain behaviour

The vertical shortening and horizontal elongation were computed from the
mean displacement readings on both sides divided by the measured length
(gh for horizontal, gv for vertical), using Eqs. 6.22 and 6.23 respectively.
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(a) (b)

Figure 6.26: Photos at the final stage of the test: OOP deformation COMB20-3 spec-
imen (solid line) with respect to the initial condition (dashed line) (a);
opening of cracks COMB10-2 specimen on the as-built side (b).

The shear stress versus strain diagrams following from the experiments
are shown in Fig. 6.27. Specimen URM-4 is not presented in Fig. 18 due
to measurement errors. Additionally, measurements after a 20% drop in the
post-peak phase are also not shown. The averaged shear stress versus strain
diagram for the different configurations is shown in Fig. 6.28. Comparing
the URM and STRIP specimens, no significant differences are noticeable.
Both specimen types showed linear behaviour up to the point of sudden
failure. In contradiction to the absence of residual strength for the URM
specimen, the STRIP specimens had a mean residual strength of 11.2 kN, as
shown in Fig. 6.29. The residual strength was determined as the mean value
between the point with the first positive slope after the peak (marked with o
in Fig. 6.29) and the end of the diagonal compression experiment (marked
with x in Fig. 6.29).

εv = ∆v1 +∆v2

2gv
(6.22)

εh = ∆h1 +∆h2

2gh
(6.23)
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Figure 6.27: Shear stress versus strain diagrams.

For specimens COMB10 and COMB20, both the strains of the FRCM-
side and the as-built side of the specimen are presented separately with an
additional subscript r and u respectively (for example: εh,u is the axial strain
in the horizontal direction of the as-built side of the specimen). The strain is
defined as the mean of the strains measured on both sides of the specimens
following Eq. 6.24:

ε= εu +εr

2
(6.24)

For the specimens reinforced with a FRCM layer, the strains along the
as-built side were significantly different from the opposite side where FRCM
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was installed. On the FRCM-side, lower deformation values were measured
in both the horizontal and vertical direction. This was in line with the ex-
pectations considering the significant difference in modulus of elasticity be-
tween the mortar matrix and the masonry. For the COMB specimens it was
noticed that the mean horizontal strain was higher than the mean vertical
strain during the post-peak phase. This was primarily caused by the diag-
onal tension cracks on the as-built side of the specimens. Noticeable was
the difference in strain on the as-built side of the COMB-specimens. Despite
the higher mean initial stiffness (caused by the FRCM thickness), the mean
strains in particular the horizontal direction was significantly higher for the
COMB20 specimens when compared with the COMB10 specimens. Looking
at the crack patterns that were presented in Fig. 6.24, the difference in hor-
izontal strain can be explained with the amount of cracks that were formed,
more cracks leading to higher deformation values.

Figure 6.28: Averaged shear stress-strain diagram of the URM, STRIP, COMB10 and
COMB20 specimens.

Figure 6.29: Force-time diagram of the STRIP specimens.
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6.6.4 Shear modulus

The shear strain is defined in Eq. 6.25. The slope of the elastic portion of the
τ−γ diagram is denoted as the shear modulus of rigidity, (Ge) according to
ASTM E 519-02 [73], following Eq.6.26, where τe = 0.7τmax was assumed to
be the cracking shear strength and γe was the corresponding cracking shear
strain identified on the experimental τ−γ diagram.

γ= εv +εh (6.25)

Ge = τe

γe
(6.26)

The cracking shear strain and shear modulus are provided in columns 10
and 11 respectively of Table 6.12. Comparing the URM and STRIP speci-
mens, considering only the cases where the predominant failure mechanism
was shear stepped sliding, it can be observed that the STRIP specimens re-
sult in a 25.3% lower shear modulus. This indicates that the deep grooves
resulted in a reduction in shear modulus. For the specimens where both
shear sliding and shear stepped sliding occurred (URM-4 and STRIP-1), the
shear modulus was found to be approximately the same, but higher than the
mean value of the corresponding specimen group. This difference was likely
caused by the failure plane concentrating outside the horizontal and/or ver-
tical diagonals, where the deformation measurements were made. No sig-
nificant difference in shear moduli was found between the COMB10 and
COMB20 specimens, indicating that the thickness of the FRCM had limited
influence on the shear modulus. A possible explanation could be the for-
mation of shrinkage cracks during the curing stage of the FRCM layer, and
that therefore the enhancement in stiffness and strength is primarily based
on the presence of the CFRP mesh, and the tension stiffening effect caused
by the bond between the mesh and the mortar layer. Compared with the
URM specimens, the application of a single sided FRCM layer resulted in
an increase of approximately 40% of the shear modulus. It was noticeable
that the mean shear modulus of COMB20 specimens was more scattered
(COV 15.6%) compared to the COMB10 specimens (COV 3.68%). The shear
stress-shear strain diagrams are presented in Fig. 6.30. Specimen COMB10-
1 is not included due to the faulty attachment of two LVDT’s, leading to
missing data near the failure load. For the remaining specimens, the LVDT
sensors malfunctioned due to the crack development in the post-peak phase.
Because of this, the shear strain relation of specimens COMB10-2, COMB10-
3 and COMB20-1 have been linear extrapolated to obtain the ultimate shear
strain γu (associated with a maximum 20% strength drop on the post-peak
softening branch).
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Figure 6.30: Shear stress versus shear strain diagrams.

6.6.5 Pseudo ductility

The wallette’s pseudo-ductility µ (see Column 10 in Table 6.12), is calculated
using Eq. 6.27, where γu = γe for specimens without post peak strength.

µ= γu

γe
(6.27)

In general, a higher pseudo-ductility ratio leads to an increased ability
of strengthened masonry walls to redistribute stresses, a higher global de-
formation capacity and an improved energy dissipation [132]. The pseudo-
ductility factors obtained were in the range 8.5-9.3 and 15.4-15.6 for the
COMB10 and COMB20 specimens respectively. The out-of-plane deforma-
tions could result in optimistic factors for the pseudo-ductility.

6.7 Comparison with design models

6.7.1 Unreinfoced masonry

The in-plane shear capacity of unstrengthened walls were determined using
two approaches: the analytical model developed by Li et al. [130] and the
design provisions according to Eurocode 8-3 [135].
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Analytical model

For wallettes subjected to a diagonal compressive force, all clamping forces
are provided by the vertical component of the diagonal compression force
[130], as shown in Fig. 6.31. The relationship between the v-component Nv

and the u-component Vm of force P is provided by Eq. 6.28, with θ being
the angle between the bed joint direction (u-axis) and the main diagonal of
the wallette (y-axis).

Nv =σn An =Vm t anθ (6.28)

As the angle between the horizontal and the main diagonal of the wal-
lette was kept constant at 45◦ during the experimental campaign, Eq. 6.28
can be reduced to Eq. 6.29:

Nv =σn An =Vm =p
2P (6.29)

Figure 6.31: Forces acting on wallette during a diagonal compression test.

An unreinforced masonry wall fails when the value of the applied shear
force reaches the minimum shear capacity, Vm , computed in accordance with
Eq. 6.30:

Vm = mi n(Vss ;Vs f ;Vd t ;Vc ) (6.30)
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Shear sliding (Vss): Recognizing that shear strength results from the
combination of bond strength and friction resistance between mortar joint
and blocks [130], the shear strength is typically modelled with the Mohr-
Coulomb relationship provided in Eq. 6.31.

fv = fv,0 +µmaσn (6.31)

Where fv,0 is the shear bond strength and µma is the average coefficient
of friction. The initial shear strength obtained with the triplet experiments
was 0.38 N/mm². An average value for initial shear strength τ0 of 3% of
the masonry gross area compressive strength ( f ′

m) is suggested in various
researches [18,130–132], resulting in 0.44 N/mm² for the masonry used in
this study. For the coefficient of friction µma , a typical range from 0.3 to
1.2 is assumed, in accordance with [130], with an average of 0.75. This
corresponds well with the value obtained via the triplet experiments. The
shear capacity due to shear sliding failure is derived from Eq. 6.32

Vss = ( fv,0 +µmaσn)An (6.32)

Substituting equation Eq. 6.28 into Eq. 6.32, the horizontal resistance
against shear sliding failure along a bed joint can be rewritten as:

Vss =
fv,0

1−µma
An (6.33)

Shear stepped sliding (Vs f ): Crisafulli, Carr, & Park [136] revised the
theory of Mann & Muller [137] and presented a revised distribution of nor-
mal and shear stresses acting on a block [130]. The reduced shear strength
fs f is determined using a modification of Eq. 6.31, resulting in:

fs f = f ∗
v,0 +µ∗

maσn (6.34)

Where f ∗
v,0 and µ∗

v,0 are the reduced shear bond strength and the reduced
coefficient of friction respectively, which are the confirmed determinative
factors for the friction failure instead of the actual coefficients fv0 and µma

[137]. The shear capacity due to shear sliding failure is derived from Eq.
6.34:

Vs f = ( f ∗
v,0 +µ∗

maσn)An (6.35)

Substituting equation Eq. 6.28 into Eq. 6.35, the horizontal force to resist
shear stepped sliding failure can be rewritten as:

Vs f =
fv,0

1−µma
An (6.36)
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Diagonal tension (Vd t ): The required force to induce diagonal tensile
crack of the brick is determined using Eq. 6.37. The tensile strength of the
clay brick masonry ( f ′

tb) is determined by Silva et al. [131] using Eq. 6.38:

Vd t =
f ′

tb

2.3

√
1+ σn

f ′
tb

An (6.37)

f ′
tb = 2

3

√
f ′

m (6.38)

Substituting Eq. 6.28 into Eq. 6.37, the expression of Vd t for the dis-
cussed condition and present failure mode can be rewritten as:

Vd t = 1.44 f ′
tb An (6.39)

Crushing (Vc): The shear strength to initiate crushing is evaluated as:

Vc = ( fm −σn)
2lb

3hb
Ac (6.40)

With Av being interface loading area between the steel shoe and the
wallette, parallel to the bed joint. Substituting Eq. 6.28 into Eq. 6.40, the
horizontal force to initiate crushing can be obtained:

Vc = 2lb

3hb +2lb
fm Ac (6.41)

Eqs. 6.32, 6.35, 6.37, and 6.40 completely represent the failure envelope
for the shear strength of masonry. Using the relevant parameters provided
in Table 6.13, the failure envelope for the unreinforced masonry used in this
experimental research was determined as shown in Fig. 6.32. The failure
envelope presented here is a function of the compressive stress applied to
the wallette, ranging from zero to the compressive strength of the masonry.

Table 6.13: Masonry properties for the (modified) Eurocode 8-3 [135] approach.

Description Symbol Value Unit
Characteristic initial shear strength of masonry [129] fv,0 0.3 N/mm²
Partial factor for masonry [129] γM 1.5 -
Distance between location V and edge specimen δ 50 mm
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Figure 6.32: Failure envelope of the unstrengthened masonry wallete in diagonal
compression, determined with the analytical model.

Eurocode 8

According to Eurocode 8-3 [135], the shear force capacity of an unreinforced
masonry wall controlled by shear under an axial load N is determined with
Eq. 6.42:

Vs f .EC = fv D ′tw (6.42)

Where D ′ is the depth of the compressed area of the wall and fv is the
masonry shear strength accounting for the presence of vertical load. In this
study, the depth of the compressed area in the bed joints is assumed to be
equal to the length of the specimen. The masonry shear strength is deter-
mined according to Eq. 6.43 per Eurocode 6 [129].

fv = fv,0 +0.4
N

An
≤ 0.065 fb (6.43)

Where fv,0 is the initial shear strength in the absence of vertical load and
fb the normalized mean compressive strength of the masonry unit, obtained
from either in situ tests or additional sources of information, and divided
by the confidence factor (=1 for KL3). In primary seismic walls, both these
material strengths are further divided by the partial factor (γM ) for masonry
in accordance with Eurocode 8-1 [5]. Characteristic initial shear strength of
masonry ( fv,0) is provided as 0.3 N/mm² for clay masonry with M10-M20
mortar strength class in Eurocode 6 [129].
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Substituting Eq. 6.29 in Eq. 6.42, the horizontal force to resist shear
stepped sliding failure following Eurocode 8-3 [135] can be rewritten as:

Vs f ,EC = fv,0

0.6
An (6.44)

The upper limit 0.065 fm takes care of the possibility that failure in shear
tension will occur in the compression area subjected to a combination of a
significant normal compressive stress and a shear stress. When failure due
to shear tension will occur, cracks will run through the units. The shear force
capacity for this failure mechanism is provided in Eq. 6.45:

Vd t ,EC = 0.065 fm An (6.45)

Eurocode 8 [135] does not differentiate between the rocking mechanism
and the toe-crushing mechanism. In Eurocode 8 [135], the shear force ca-
pacity of an unreinforced masonry wall as controlled by flexure under an
axial load N is obtained via Eq. 6.46:

V f l ,EC = lw

hW

N

2

(
1−1.15

N

lw tw fmas

)
(6.46)

Where fmas is the compressive strength of the masonry divided by the
confidence factor (=1 for KL3). Regarding the normal stress distribution,
the Eurocode 8-3 [135] refers to a stress block distribution by adopting a
reduction coefficient of the compressive strength (0.87=1/1.15). The me-
chanical scheme to obtain Eq. 6.46 is provided in Fig. 6.33.

Since during the diagonal compression experiments the axial load was
not introduced at the center of the wallette, as illustrated in Fig. 6.33, a
modification of Eq. 6.46 also has been considered. First, the depth of the
compressed area was determined using Eq. 6.47:

D ′ = N

0.85tw fm
(6.47)

The moment with respect to the bottom right corner in Fig. 6.33b equals:

(lw −D ′)N = (hw −2δ)V (6.48)

With δ being the distance between the corner of the specimen and the
location where the concentrated force V is assumed to be introduced. Sub-
stituting Eq. 6.47 into Eq. 6.48, the modified shear force capacity for flexural
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Figure 6.33: Mechanical scheme to determine the shear force capacity during flexu-
ral failure (a) and the modification for this study (b).

failure becomes:

V f l ,EC ′ = N

(hw −2δ)

(
lw −1.15

N

tw fm

)
(6.49)

With the compressive depth during the experiments being limited to 100
mm due to the dimension of the steel shoe, combining Eq. 6.47 with Eq.
6.28 results in the shear strength needed to initiate crushing:

Vc = 0.85 fm100tw (6.50)

Eqs. 6.42, 6.45 and 6.46 completely represent the failure envelope for
the shear strength of masonry following Eurocode 8-3 [135]. Similar to
Eq. 6.30, a wall fails when the value of the applied shear force reaches the
minimum shear capacity:

Vm,EC = mi n(Vss,EC ;Vd t ,EC ;V f l ,EC ) (6.51)

The failure envelope including the modified shear force rocking / toe
crushing is obtained with Eq. 6.52:

Vm,EC ′ = mi n(Vss,EC ;Vd t ,EC ;V f l ,EC ′ ) (6.52)
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Using the relevant parameters provided in Table 6.14, the failure enve-
lope for the unreinforced masonry used in this experimental research was
determined as shown in Fig. 6.34. The failure envelope of the modified
shear for rocking/toe crushing is also shown. It should be noted that for
comparison reasons the partial factor for masonry is not taken into account.

Table 6.14: Masonry properties for the (modified) Eurocode 8-3 [135] approach.

Description Symbol Value Unit
Char. initial shear strength of masonry [129] fv,0 0.3 N/mm²
Partial factor for masonry [129] γM 1.5 −
Distance between V and the edge of the specimen δ 50 mm

Figure 6.34: Failure envelope of URM determined with the standard Eurocode 8 de-
sign provisions (Vm) and a modified version (V ′

m).

Comparing Fig. 6.32 and Fig. 6.34, it can be observed that despite
leaving out the partial factors for masonry, the Eurocode 8-3 [135] approach
to determine the failure envelope of unstrengthened masonry is conservative
when compared to the failure envelope obtained from the analytical model.
This is primarily caused by the different approaches to determine the shear
strength at diagonal tension failure, where the difference builds up to 292%
with respect to the Eurocode 8-3 [135] approach.

The strengths obtained with the analytical model and Eurocode 8-3 [135]
are compared with the mean experimental shear strength of the URM spec-
imens. The mean experimental shear strength is determined by using Eq.
6.28. The results are summarized in Table 6.15. The analytical model
showed good correspondence with the experimental values for both the
failure mechanism and the failure load, with an experimental/model ra-
tio (φ) of 0.98. The Eurocode 8-3 [135] approach resulted in lower values
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(φ = 1.43) despite leaving out the partial factor for masonry. Including this
partial factor, the Eurocode approach resulted in even more conservative
values (φ= 2.14).

Table 6.15: Experimental and analytical results of the URM and STRIP specimens.

Experiments Evaluation
Analytical model Eurocode 8 Eurocode 8

(γM = 1.0) (γM = 1.5)
Vexp,U RM kN 47.4
Vss kN 101.1 33.3 22.2
Vs f kN 48.2 - -
Vd t kN 92.0 64.9 43.2
Vc kN 102.9 119.5 79.7
Vm kN 48.2 33.3 22.2
φ - 0.98 1.43 2.14
Failure mode - Stepped sliding Stepped sliding Stepped sliding Stepped sliding

6.7.2 Reinforced masonry

In order for the FRCM reinforcement system to be applied on a large scale
for the in-plane strengthening of masonry walls, simple practitioner oriented
design models are essential. However, due to the novelty of this technique
and the wide variety of FRCM materials on the market, design provisions are
generally not provided by international building codes [138]. Previous the-
oretical studies have led to various analytical formulations for determining
the shear strength of FRCM reinforced masonry [132,139–141]. Cascardi et
al. [140] presented an advanced analytical model based on artificial neural
network analyses. For the construction of the model a number of 75 samples
were selected from previous diagonal compression tests found in scientific
literature, varying in both material and geometry. The authors showed that
the proposed model was competitive with the consolidated analytical for-
mulations. However, because of the reduced specimen dimensions and the
non-standard single-sided reinforcement configuration used in the current
study, the model proposed by Cascardi et al. [140] was not considered.

At the end of 2013 the first design guide for FRCM reinforcement [142]
was published. This guideline provides structural engineers with easily ap-
plicable design models for determining the shear resistance of FRCM rein-
forced masonry walls. Past studies have shown that the ACI design models
show reasonable agreement with experimental data and can be considered
as conservative [132,143]. The European building codes (Eurocode), which
in general differs significantly from the American design philosophy, do not
provide any design models for the shear strength of FRCM reinforced ma-
sonry. Triantafillou et al. [144] and Triantafillou [141], however provided
similar practitioner oriented design models in Eurocode framework.
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In this research both the approach according to ACI 549-13 [142] and
Triantafillou [141] to determine the FRCM contribution on the shear strength
of masonry were considered. Concerning the nominal shear strength VRM of
FRCM reinforced masonry, both approaches pose that this is the result of the
summation of the shear strength of the masonry and of the FRCM-overlay,
in accordance with Eq. 6.53. It should be noted that the FRCM contribution
is considered only after masonry cracking [18,130–132,142].

VRM =Vm +Vt (6.53)

The design shear strength of FRCM reinforced masonry according to Tri-
antafillou [141] is determined using the equations provided in the second
column in Table 6.16. Triantafillou defines the maximum design stress ( ftd )
allowed to the CFRP net as the lowest value between the design character-
istic strength of the mesh ( ftk) divided by the material factor (γt ), and the
stress corresponding to the design tensile strain ε f v where debonding is as-
sumed to be initiated. The contribution of the FRCM (VRd ,t ) is determined
with the second equation in Table 6.16, where A f is the area of mesh per
unit width (mm²/mm) and n is the number of mesh layers. It should be
noted that a reduction factor of 0.9 is present. The design shear strength
of FRCM reinforced masonry, including a partial factor for shear (γRd ) of
1.2 and the design shear strength of the unstrengthened masonry (VRd ,m),
is limited by a maximum value (VRd ,max,c). This limitation corresponds to
compression failure in the truss.

The design shear resistance of masonry walls strengthened with FRCM
according to ACI 549-13 [142] is obtained by using the equations in the
third column of Table 6.16. The ACI 549-13 [142] directly uses the design
tensile strain ε f v to determine the maximum design stress. The contribution
of the FRCM is determined using the second equation in Table 6.16, where
in contrast to Triantafillou [141] no reduction factor is used. The design
shear strength of FRCM reinforced masonry (VRd ,m), including a strength
reduction factor for shear (Φv ) of 0.75, is limited to 50% of the unreinforced
wall’s shear capacity to limit the total force transferred to the substrate of
the masonry per unit width [132], as shown in Table 6.16.

Table 6.16: Approaches to determine the in-plane shear capacity of FRCM retrofitted
masonry walls.

Triantafillou [141] ACI549-13 [142]
ftd mi n( ftk

γt
;E f εv ) E f ε f v

VRd ,t 0.9lw (n A f ) ftd lw (n A f ) ftd

VRd .RM
1
γRd

(VRd ,m +VRd ,t ;V ∗Rd ,max,c ) Φmi n(VRd ,m +VRd ,t ;1.5VRd ,m)

VRd ,max,c = 2tw lw
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With the parameters presented in Table 6.17, the shear strength of the
masonry reinforced with a FRCM-overlay can be determined. The results
are provided in Table 6.18. The contribution of the FRCM for the shear
capacity VRd ,t was determined as 20.0 kN and 29.6 kN using the approach
proposed by Triantafillou (2016) and ACI 549-13 [142] respectively. Using
the experiments and the analytical model, the mean shear contribution of
the FRCM reinforcement (VF RC M ) was estimated 38.7 kN . The approach
proposed by Triantafillou [141], with an experimental / model ratio (φ) of
1.9, resulted in more conservative results when compared to the ACI 549-
13 [142] (φ= 1.3).

When taking the partial factor for shear (γRd ) and the strength reduc-
tion factor for shear (Φv ) into account, and limiting the shear capacity of
the strengthened wall to 50% of the un-strengthened wall shear capacity,
the shear resistance (VRd ,Rm′) of masonry walls strengthened with FRCM as
determined with the two approaches was approximately the same (using
the masonry shear strength as determined with the analytical model). This
is mainly due to the design shear strength being limited to 50% of the unre-
inforced wall shear capacity according to ACI 549-13 [142]. The experimen-
tal/design value ratio’s (ρ) for the approaches following Triantafillou [141]
and ACI 549-13 [142] were 2.14 and 2.25 respectively. When for the ma-
sonry contribution the design value as obtained using Eurocode 8 is used,
the experimental/design value ratios (ρ) reduce to 3.5 and 4.9 for the ap-
proaches following Triantafillou [141] and ACI 549-13 [142] respectively. It
can be observed that the presented design provisions, both for the masonry
part and the FRCM contribution, are conservative.

Table 6.17: Values used in the design codes to obtain the shear capacity of FRCM
reinforced masonry.

Description Symbol Value Unit
Number of mesh layers n 1 −
Area of mesh reinforcement by unit width A f 0.044 mm²
Tensile modulus of elasticity of the CFRP mesh E f 240,000 N/mm²
Design the tensile strain of the CFRP mesh [142] ε f v 0.0040 mm/mm
Design characteristic strength of the mesh ftk 4.2 N/mm²
Material factor [141] γt 1.5 −
Partial factor for shear γRd 1.2 −
Strength reduction factor for shear [142] Φv 0.75 −

Table 6.18: Experimental and analytical results of the URM and STRIP specimens.

VF RC M VRd ,t
VF RC M
VRd ,t

VCOMB VRd ,m VRd ,RM
VCOMB
VRd ,RM

VRd ,m,EC VRd ,RM ′ VCOMB
VRd ,RM ′

Experimental 38.73 - - 121.87 - - - - - -
Analytical model - - - - 48.2 - - - - -
Eurocode 8 Part 3 [135] - - - - - - 22.2 - -
Triantafillou [141] - 20.0 1.9 - - 56.8 2.1 - 35.1 3.5
ACI549-13 [142] - 29.6 1.3 - - 54.2 2.3 - 24.9 4.9
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6.8 Conclusions

6.8.1 Quasi-static shear tests

An experimental study was presented that consisted of nine masonry walls
retrofitted with a single-sided Fabric-Reinforced Cementitious Matrix (FRCM)
layer, DM CFRP strips and flexible anchor connection. Three different wall
geometries, with three different axial loads per geometry were tested to in-
vestigate the cyclic in-plane behaviour of the reinforced masonry walls. Ad-
ditional pull-out experiments considering two stress distribution scenarios
(tensile force in anchor transferred to (A) masonry or (B) CFRP strip) were
performed on prisms with steel anchors to determine the anchoring strength
in the flexible adhesive. The following can be concluded from the study:

1. Cracking and eventually sliding always occurred at the interface be-
tween the bottommost bed-joint and the concrete foundation beam.
None of the specimens showed any shear damage at both the rein-
forced and as-built surfaces during the cyclic in-plane experiments.

2. The S specimen loaded by a high axial load and all M specimens had
rocking and toe-crushing as pre-dominant failure mechanism. The S
specimens with low and moderate axial loads only showed rocking be-
haviour. The large specimens showed a combined flexure and sliding
failure mode.

3. For the M specimens the wall’s structural ductility factors were in the
range of 3.7-14.7. For specimen L1, the mean ductility factor was
found to be 4.2. For the remaining specimens a lower bound (in the
range 3.5-25.0) was estimated as the limited stroke of the horizontally
oriented hydraulic actuator was insufficient to reach a 20% force drop
in the post-peak phase. The exact value could not be determined do to
the limitations of the in-plane shear test setup.

4. The mean anchor strength as determined with the direct pull-out ex-
periments for scenario A, where the tensile forces in the anchor were
transferred to the masonry, was found to be 49 kN. For scenario B,
where the tensile forces in the anchor were transferred to CFRP strip
(due to the chosen boundary conditions), the mean anchor strength
was considerably lower at 18 kN. This was likely due to the relatively
higher shear deformations of the adhesive between the CFRP strip and
the anchor (scenario B) when compared to the shear deformations of
the adhesive between the CFRP strip and the masonry (scenario A).

5. For the mean initial stiffness k50% of the anchorage (from origin until
50% of the strength) no significant differences were found between
the results obtained by direct pull-out testing with scenario A (12.3
kN/mm) and scenario B (12.8 kN/mm).
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6. A mechanical model based on EC6 [129] was proposed to model the
capacity of the reinforced walls during in-plane loading, covering both
moment failure and shear sliding failure. The mechanical model pro-
vided a good approximation of the experimentally obtained ultimate
loads, with model / experimental ratios in the range of 0.68-1.08 and
0.78-1.03 for the specimens predominantly failing due to rocking (S
and M specimens) and sliding (L specimens) respectively. The sliding
resistance following the model was conservative because the dowel ef-
fect of the anchor in the compression zone was not taken into account.

7. Due to the application of the anchors and the single-sided FRCM over-
lay, the analytical model provides moment resistance amplification
factors (moment resistance reinforced masonry / moment resistance
URM) in the ranges 1.5-2.1, 1.3-1.8 for the S and M specimens respec-
tively.

8. Using the analytical model and the in-plane test results of the S and
M specimens the determined tensile forces in the anchors ranged be-
tween 19.0 kN and 37.3 kN, with a mean value of 20.1 kN (COV =
38.7%). The results obtained from the direct pull-out experiments con-
form scenario B (mean anchorage strength 17.9 kN) provided a good
approximation of the analytically determined anchorage strength. The
anchorage strength is significantly overestimated when the pull-out
experiments are conducted conform scenario A.

6.8.2 Diagonal compression tests

An experimental program was undertaken to assess the effectiveness of a
combined retrofit method to improve the in-plane behaviour of clay brick
URM walls. The diagonal compression test was used for the evaluation of
the in-plane shear behaviour of these retrofitted wallettes. From the experi-
ments the following conclusions can be drawn:

9. The out-of-plane reinforcement, which consisted of deep mounted CFRP
strips embedded with a flexible adhesive in a deep groove (partly filled
with mortar), did not affect the strength of masonry elements loaded
under in-plane shear. It was however found that the deep grooves
resulted in a 25.3% lower shear modulus compared to the unstrength-
ened control specimens. Moreover the experiments showed that in
contrast to the unstrengthened specimens, the specimens with solely
the out-of-plane reinforcement did not disintegrate after reaching the
failure load. This can be attributed to the FDM CFRP strip holding the
specimens together after the predominantly bed joint failure due to
shear.
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10. The single-sided carbon FRCM overlay increased the shear capacity
with 1.7 and 1.8 times that of the unstrengthened control specimens
with a 10 mm and 20 mm FRCM layer thickness respectively. The
application of a single sided FRCM layer resulted in an increase of
approximately 40% of the shear modulus compared to the unstrength-
ened control specimens.

11. No strong correlation was found between the thickness of the mor-
tar matrix of the FRCM layer and the failure load. Additionally, FRCM
layer thickness was found to have limited influence on the shear modu-
lus. A possible explanation could be the formation of shrinkage cracks
during the curing stage of the FRCM layer, and that therefore the en-
hancement in stiffness and strength is primarily based on the presence
of the CFRP mesh and the tension stiffening effect.

12. The FRCM layer thickness did have an influence on the number of di-
agonal cracks that were observed on the as-built side of the combined
DM CFRP and FRCM reinforced specimens. With a 20 mm FRCM layer
thickness, one to two additional diagonal tensile cracks occurred over
a wider area when compared to the specimens provided with a 10
mm FRCM layer. A possible explanation for this discrepancy in crack
pattern is the difference in thickness of the upper mortar layer of the
FRCM overlay. A thicker upper mortar layer leads to an improved uti-
lization of the carbon FRP mesh.

13. Stiffness differences between the as-built side and the FRCM strength-
ened side led out-of-plane bending during the final stages of the diag-
onal compression experiments. With more restrained boundary condi-
tions and superimposed vertical loads, as is the case in practice, larger
shear strength increments could be achieved [61].

14. The pseudo-ductility factors obtained were in the range 8.5-9.3 and
15.4-15.6 for the reinforced specimens with a 10 mm and 20 mm
FRCM layer thickness respectively. Comparison of these values with
the absence of pseudo-ductility of URM showed that a one sided FRCM
overlay leads to a significant improvement in ductility.

15. For the evaluation of unstrengthened masonry, the analytical model
developed by Li et al. [130] showed good correspondence with the
experimental values for both the failure mechanism and the failure
load, with an experimental/model ratio (φ) of 0.98. Despite leaving
out the partial factor for masonry, the Eurocode 8-3 [135] approach
resulted in a lower ratio (φ= 1.43). Including the partial factor for ma-
sonry, the Eurocode approach results in even more conservative values
(φ= 2.14). An important limitation of both approaches is that the non-
uniform shear stress distribution at the center of the panel is not taken
into account.
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16. For the FRCM contribution on the in-plane shear capacity, the ap-
proach proposed by Triantafillou [141] (experimental/model ratio of
1.94 resulted in more conservative results when compared to the ACI
549-13 [142] (φ= 1.31).

17. The obtained design values for the shear strength of FRCM reinforced
masonry were conservative, especially when for the masonry contribu-
tion the design value as obtained using Eurocode 8-3 [135] was used
(experimental/design value ratio (φ) range 3.47-4.89).

220











Chapter 7
Valorization

This chapter presents various flexible deep mounted (FDM) CFRP retrofit
case studies in the Dutch province of Groningen carried out during the
course of this doctoral research. Preliminary finite strategies for the mod-
elling of the bond-slip and pull-out behaviour of FDM CFRP strips are pro-
vided. Furthermore, the simplified analysis procedures are presented, used
to estimate the force-displacement response of vertically spanning (strength-
ened) masonry walls subjected to out-of-plane loading, which is required for
the he implementation of the FDM CFRP strip retrofit system into structural
engineering practice. Finally, the dynamic out-of-plane response of FDM
CFRP strip retrofitted and vertically spanning masonry walls for different
scenarios was determined by performing a series of Nonlinear Time History
(NLTH) analyses on single degree of freedom (SDOF) systems.

7.1 Valorization projects

In this section, the process and challenges regarding groove cutting, FDM
CFRP strip installation, and FRCM overlay installation are presented and
discussed. Furthermore, five completed retrofit projects in Groningen are
reviewed.

Groove cutting

In the early stages of this research, the cutting of the vertical, deep grooves
was done using the dry cutting technique (Fig. 7.1). Working downwards
from the top of the wall made the cutting of the slots less labor intensive
as the weight of the cutting machine would predominantly rest on the wall.
The machine operator needed to exert both a downward force and a force
in the direction of the wall using his hands to continue the cutting process.
The cutting machine was manually guided to follow the pre-determined slot
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position over the height of the wall. Cutting the slots was a time consuming
process due to the width of the slots. Due to the radius of the saw blade
and the dimensions of the cutting machine, certain parts of the masonry at
the top and bottom of the vertical groove remained intact. These remaining
parts were removed using a breaker machine.

Figure 7.1: Deep groove cutting.

A particular point of attention was dust development during the cut-
ting process. Dust extraction was necessary in the early stages to prevent
significant dust formation, especially when working inside the building to
be retrofitted. Wet cutting was introduced as an alternative technique to
prevent dust formation. As limited water was needed for the wet cutting
technique, moisture content in the masonry did not reach levels where the
FDM CFRP strip installation was affected. At the time of writing, the im-
plementation of guide rails is being evaluated to further decrease the labor
intensity levels of groove cutting.

FDM CFRP strip installation

After removing the dust within the grooves, a layer of primer was then ap-
plied to the groove in order to obtain an improved bond between the adhe-
sive and the masonry. The subsequent step was the application of the flexi-
ble adhesive within the grooves. At first, this application was done manually
using a spatula. As this method was to labor intensive, a manual, closed
caulking gun with a slot nozzle was used to apply the flexible adhesive, as
shown in Fig. 7.2.
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Figure 7.2: FDM CFRP strip installation.

The fast-curing two component epoxy was prepared following the mixing
ratio advised by the supplier, before scooping the adhesive in the caulking
gun. As relatively high pressures needed to be exerted to inject the low
viscous adhesive through the slot nozzle, the flexible adhesive would leak
through the plunger. This problem was solved by putting a plastic bag in
the closed frame prior the scooping in the flexible adhesive. An additional
advantage of this measure was the increased service life of the caulking
gun. The labor intensity was further decreased with the implementation of
electric caulking guns.

After the CFRP strip was cut into the correct length and was cleaned
with acetone, the strip was partially embedded by hand within the flexible
adhesive. Afterwards a positioning fork was used to properly position the
CFRP strip within the groove. Using this profile cut from a steel sheet, the
CFRP strip was pushed to the correct depth and positioned at the center
of the groove. Starting from the bottom, the positioning fork was used at
multiple heights.

Once the CFRP strip was imbedded in the correct position, excess flexible
adhesive till a certain depth was manually removed using a scraper. If in-
plane strengthening for the retrofitted wall was not necessary, the remaining
part of the groove was manually closed using polymer modified mortar (Fig.
7.3) after the flexible adhesive has cured for a minimum of 24 hours.

FRCM overlay installation

Solid preparations need to be made prior to the application of the single
sided FRCM overlay. When the moisture content of the masonry wall is
too low, the polymer modified mortar loses its water content too fast. This
causes a significant decrease of the bond strength between the FRCM overlay
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Figure 7.3: Closing the groove with the polymer modified mortar.

and the masonry. Adding more water than the supplier subscribed for the
preparation of the polymer modified mortar, increases the risks of shrink-
age crack formation during the curing process. To counter this moisture
related problem, firstly the masonry surface was wetted a few days prior to
the FRCM overlay installations. Additionally, a waterproof acrylic disper-
sion (Compaktuna) was added as primer layer to the masonry surface (Fig.
7.4). It should be noted that despite the mentioned preparations, the water
content loss of the polymer modified mortar could not be prevented fully.

Figure 7.4: Single-sided FRCM overlay installation.

In the early stages of the research, the polymer modified mortar was ap-
plied manually using a plaster trowel. After application of the first layer
of the polymer modified mortar, the CFRP mesh was pushed into position.
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Neighbouring mesh sheets were provided with an overlap length of approx-
imately 25 cm. Subsequently, a final layer of polymer modified mortar was
applied to complete the FRCM overlay.

In the later stages of the research, the polymer modified mortar was ap-
plied using the mortar spraying technique to reduce the labor intensity level
of FRCM application. Smoothing out the FRCM overlay remained challeng-
ing, for both the manual and spraying mortar application techniques. In
most cases a levelling layer was needed, except for when a timber frame
construction with insulation was placed in front of the wall.

Retrofitted masonry buildings

Over the course of this doctoral research, over a hundred buildings have
been (partially) retrofitted using the FDM CFRP strip technique. The first
commercial project using FDM CFRP strips and one-sided FRCM overlay as
hybrid retrofit solution was realized in Usquert, Groningen (Fig. 7.5). The
single leaf wall to be retrofitted could not be reached from the outside of
the building due to a narrow alley. The timber strong backs solution was not
preferred by the owner in order to keep the living floor space unaffected.

After the plaster layer on the wall was removed, the masonry surface was
roughened. The flexible adhesive and the polymer modified mortar were
applied by hand. The lessons learned presented in the previous paragraphs
were mainly based on this retrofitting project.

Figure 7.5: First commercial project using FDM CFRP strip and one-sided FRCM
overlay hybrid retrofit. Usquert, Groningen.
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Two steel anchors were installed over the bottom 50 cm of the wall, and
connected to the masonry foundation. Since the masonry foundation was
limited, both the installation and engineering of the anchors was difficult.

The second project to be highlighted are the FDM CFRP strip retrofitted
buildings in Zijldijk, Groningen (Fig. 7.6). As starting point the client had
decided, on grounds of costs, to leave the inside of the building intact. The
outer leaf of the cavity wall removed, after which the FDM CFRP strips were
installed from outside the building. A major advantage was the speed with
which the retrofit could be installed. Additionally, little inconvenience was
caused for the residents. With retrofitting from the outside, shielding and
conditioning was necessary, especially during bad weather conditions. Af-
ter the installation of the retrofit system, lightweight facade elements were
placed to restore the aesthetics of the buildings.

Figure 7.6: FDM CFRP strip retrofit on the inner leaf of the cavity wall, from the
outside after controlled removal of the outer leaf. Zijldijk, Groningen.

The third retrofit project to be highlighted is Café Nastrovje in Zeerijp,
Groningen (Fig. 7.7). The doors of this building closed in 2003, after it
partially burned down. FDM CFRP strips were installed on the top facade,
from the inside of the building. A single sided FRCM overlay was added
to partially restore the cohesion of the masonry that was lost due to fire
damage. Nowadays this building is inhabited.

Figure 7.7: FDM CFRP strip retrofit on the top facade. Zeerijp, Groningen.
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The final two projects to be highlighted are in Westeremden (Fig. 7.8)
and Appingedam (Fig. 7.9). For the building in Westeremden, FDM CFRP
strips was selected as retrofit system in order to keep the living floor space
unaffected. For the building in Appingedam, an additional single sided
FRCM overlay was installed. In this project a wall containing three different
types of bricks was encountered.

Figure 7.8: FDM CFRP strip retrofit. Westeremden, Groningen.

Figure 7.9: FDM CFRP strip and one-sided FRCM overlay hybrid retrofit (latter not
shown). Appingedam, Groningen.

7.2 Bond related finite element modelling

In Appendix C preliminary finite element (FE) models are presented regard-
ing the bond-slip and pull-out behaviour of flexible deep mounted (FDM)
carbon fibre reinforced polymer (CFRP) strips. The modelling of the fabric
reinforced cementitious matrix (FRCM) layer is not presented, as numerical
modeling strategies for the evaluation of the in- and out-of-plane perfor-
mance of masonry structures strengthened with FRCM are available [145].
ABAQUS FEA software was used for the numerical analysis.
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The adhesive was modelled as a strain-dependent plastic. Input data in
ABAQUS for the flexible adhesive was developed using the tensile stress-
strain relationships presented in Fig. 2.2. Using this input data, the thick
adherend shear tests presented in section 2.2.2 were simulated. The shear
stress-strain relationships obtained using the FE model provided a good fit
with the material test data for shear behaviour.

Two modelling strategies were maintained regarding the thick adhesive
layers. In the first approach, the influence of the adhesive mass on shear de-
formation was neglected when determining the traction-separation param-
eters, while in the second approach this effect was included. The obtained
local bond-slip behaviour following both strategies resulted in a close es-
timation of the averaged multi-linear local bond-slip behaviour (Fig. C.9,
Appendix C).

As for the force-slip relationship, both finite elements strategies showed
good correspondence with the force-slip relationship determined using the
partial interaction (PI) model (Figs. C.12 and C.13 in Appendix C). The
pull-out tests presented in section 3.3 were simulated for anchorage lengths
of 340 mm, 530 mm, 730 mm and 1,000 mm. Due to symmetry, only a
quarter of the pull-out specimens was modelled, as shown in Fig. C.10 (Ap-
pendix C). As both modelling strategies provided similar results in terms of
force-slip relationship, strategy 1 was selected for further analyses due to the
simple implementation. The shear stress distribution in the masonry right
below the CFRP strip following from the finite element simulations (Fig.
7.10 for a bonded length of 1,000 mm) showed good correspondence with
the stress distribution profile obtained using the PI model, as was presented
in Fig. 3.33.
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Figure 7.10: Shear stresses in the masonry (y-z plane) at the maximum pull-out re-
sistance for an anchorage length of 1,000 mm, as obtained with the
finite element simulations (strategy 1). Gradient map ranges from 0
N/mm² (blue) to 1.7 N/mm² (red).
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7.3 Simplified engineering models

The implementation of the FDM CFRP strip retrofit system into structural
engineering practice requires simplified analysis procedures to estimate the
force-displacement response of vertically spanning (strengthened) masonry
walls subjected to out-of-plane loading.

The simplified engineering model for FDM CFRP strip retrofitted walls
consists of three equal height rigid masonry blocks and two discrete joints,
as shown in Fig. D.1. The engineering model is explained in more detail in
Appendix D. During lateral loading, the CFRP strips will be pulled out of the
top and bottom rigid blocks with slip ∆s . Additionally, the CFRP strip will
elongate ∆p over the middle block. Following the one-dimensional partial-
interaction model and global bond-slip law presented in Chapter 3, a linear
relation between CFRP stress and slip was assumed until σp = 1600 N/mm²
(corresponding slip ∆s = 3.5 mm), for rigid block heights of ≥ 750 mm. In
contrast to the revised engineering model presented in section 4.3, no addi-
tional cracks occurred in the wall. Similar to the initial engineering model,
the wall was treated as pre-cracked from the outset. The simplified engineer-
ing model for FDM CFRP strip retrofitted masonry walls showed acceptable
agreement with the experimental findings for both axial load conditions, an
meanwhile simple calculation procedures were maintained when compared
to the revised engineering model.

Figure 7.11: Simplified engineering model for the out-of-plane behaviour of FDM
CFRP retrofitted vertically spanning masonry walls.
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For the hybrid retrofit configuration containing the single-sided FRCM
overlay, the simplified engineering model for FDM CFRP strip retrofitted ma-
sonry walls showed acceptable agreement with the experimental findings for
the out-of-plane loading direction where the FRCM layer is in compression.
For the out-of-plane loading direction where the FRCM layer is in tension,
the deflection was estimated using deflection formulae for simply supported
beams, again resulting in acceptable agreement with the experimental find-
ings. For this simplified approach the tensile strength of the brick and mortar
interfaces was assumed zero. The engineering model involving the single-
sided FRCM overlay is explained in more detail in Appendix D.

The presented simplified engineering models are implemented and au-
tomated in a simple and easy-to-use Microsoft Excel calculation sheet (Fig.
7.12). This model is available through the website of QuakeShield. It should
be noted that the Excel calculation file may not be used unless there is a thor-
ough understanding of the principles of the underlying mechanical model.

QUAKESHIELD OUT-OF-PLANE CALCULATION MODEL- V2019A - CONFORM NPR9998:2018

Project Woning 245 / Loppersum
Wall # 22

Calculated by -
Date 9-8-2020

Design param. NPR9998:2018 agS 0,320 g

Importancy factor γI 1,100 - Table 2.4 of the NPR 9998:2018

Mean compressive strength masonr  fm 9,9 N/mm2 Table F.2 of the NPR 9998:2018

Axial load qN 5 kN/m

Height wall element hwall 2,80 m

Length wall element* lwall 1,30 m minimum 0,65 m; 

Thickness wall element twall 0,10 m

Mass wall mbearing wall 180 kg/m2

Mass of outer leaf** mouter leaf 0 kg/m2 If present and connected

The height (the centre of gravity) z 4,50 m
of the wall or element **

The height of the building ** H 6,00 m
** insofar as it is situated above the foundation U.C.
or above a basement that is to be regarded as rigid Telastic Teffective μsys Sa;d Fed SRd FRd MRd Sa;d / SRd

Tension @ s s - g kN/m g kN/m kNm/m -
Fundamental period building*** Teff 2,00 s
*** using the secant modulus in the relevant direction, Reinforced side 0,40 0,79 3,90 0,92 2,28 1,25 3,10 2,17 0,73
based on the method as described in NPR9998 Annex G

Unreinforced side 0,40 0,79 3,90 0,92 2,28 1,25 3,10 2,17 0,73

Number of CFRP strips nstrips 2 (Max. depth heart CFRP 55 mm)
Minumum 2 strips

Sliding load Fsliding,Ed 1,1   kN/m
Center to center distance strips ctcstrips 1,00 m (≤ 1,0m advised)

Sliding resistance (top) Ftop,Rd 1,8   kN/m
Additional FRCM overlay No
Advised for cases where in-plane reinforcement is needed. Sliding resistance (bottom) Fbottom,Rd 3,5   kN/m
Added mass reinforcement madded reinforcement 0,00 kg/m2 Support QuakeShield

Tel 31 (0)594-283591
Page 1/2 Page 2/2 Email info@quakeshield.com

NO ANCHOR(S) NEEDED FOR SHEAR

REINFORCEMENT

RETROFITTING EFFECTIVE

Counter measures to prevent wall sliding

Resistance

Comments

QUAKESHIELD OUT-OF-PLANE CALCULATION MODEL- V2019A - CONFORM NPR9998:2018

RELEVANT PARAMETERS

Design

Project: Woning 245 / Loppersum; Wall # 22

GEOMETRY AND MASS

AMPLIFICATION EFFECT FOR HEIGHT OF THE WALL ABOVE GROUND LEVEL (ANNEX H NPR:9998)

WARNING: Document may NOT be used unless there 
is a thorough understanding of the underlying analytical 
model. Based on NPR9998:2018. 
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Figure 7.12: Screenshot of the Microsoft Excel calculation sheet (2018 version)
for the estimation of the force-displacement response of vertically
spanning, FDM CFRP strip (and optional single-sided FRCM overlay)
retrofitted masonry walls subjected to out-of-plane loading. Available
on the website of QuakeShield.
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7.4 NLTH analyses of a SDOF system

In order to study the dynamic out-of-plane response of masonry walls that
were vertically spanning and were retrofitted with FDM CFRP strips, a series
of Nonlinear Time History (NLTH) analyses on single degree of freedom
(SDOF) systems were performed. A suite of eleven synthetic accelerograms
with ten to twelve seconds lengths (shown in Fig. 7.13) compatible with
cluster A soil spectrum (NPR9998) were used as the ground motion.

Figure 7.13: Normalized elastic acceleration response spectrum (5% damping) com-
patible with cluster A soil spectrum (NPR9998).

A total of ten different walls with varying retrofit configurations (illus-
trated in Fig. 7.14) were analysed. The walls considered had a height,
length and thickness of 2,750 mm, 2,300 mm and 100 mm respectively. The
mass density of a single leaf of masonry was 180 kg/m², which was also
applicable to the outer leaf of the cavity wall if present and connected. Ta-
ble F.1 (Appendix F) provides an overview of the relevant parameters of the
analysed walls.

Figure 7.14: Reference walls.
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In order to account for the strip spacing limit as presented in Appendix E,
two scenario’s were considered regarding the number of FDM CFRP strips.
For the first scenario, three CFRP strips were positioned at the center-depth
of the wall with a distance of 1,000 mm between the CFRP strips. For the
second scenario, five CFRP strips were positioned at the center-depth of the
wall with a distance of 500 mm between the CFRP strips.

The NLTH response of vertically spanning masonry walls retrofitted with
FDM CFRP strips was determined as a function of the design ground accel-
eration ag ;d for different axial stress levels σv (acting on the load bearing
inner leaf for cavity walls). The NLTH calculations were performed for a
scenario with no cavity wall and a scenario where a cavity wall (180 kg/m²)
is present and connected. The reported maximum wall response is the max-
imum obtained out-of-plane displacement value from the eleven separate
synthetic accelerograms.

For the lowest axial load considered (σv =0.05 N/mm²), the URM wall
can withstand an acceleration of 0.7g, with a corresponding displacement
of 46 mm. The synthetic accelerogram resulting in this displacement is pre-
sented in Fig. 7.17 together with the wall response, δr epsonse .

Figure 7.15: The maximum response for ground motion set # 7 (highest response of
all sets) with design acceleration ag ;d = 0.7g.

For the remaining axial loads, the out-of-plane response remains below
10 mm up to an acceleration of 1.0g, as shown in the top graph presented in
Fig. 7.16a. The bottom graph in Fig. 7.16a shows the results for a URM cav-
ity wall (outer leaf present and connected). The cavity wall fails at 0.4g (45
mm), 0.6g (46 mm) and 0.8g (26 mm) for axial stress conditions σv =0.05
N/mm², σv =0.10 N/mm² and, σv =0.15 N/mm² respectively. For the high-
est considered axial stress (σv =0.20 N/mm²), the URM cavity wall showed
a displacement of 16 mm at 1.0 g.
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(a) (b)

(c)

Figure 7.16: Out-of-plane displacement response following from the NLTH analyses
of SDOF systems: URM (a), 3 FDM CFRP strip retrofitted masonry (b)
and 3 FDM CFRP strip and one-sided FRCM overlay, hybrid retrofitted
masonry (c). Four axial stress levels (σv ) and wall configurations (sin-
gle leaf and cavity wall) are included in the analysis.
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The OOP displacement responses for the reference walls retrofitted with
3 FDM CFRP strips are shown in Fig. 7.16c, neglecting the limit for strip
spacing (Appendix E). For the lowest axial load considered (σv =0.05 N/mm²),
the single leaf wall can withstand an acceleration of 1.0g, with a corre-
sponding displacement of 92 mm. The OOP displacement response for
the other axial stress levels is comparable to the the OOP displacement re-
sponse of single leaf retrofitted masonry walls. Considering a cavity wall,
the impact of retrofitting becomes more noticeable. Where a URM cavity
wall failed at 0.4g (σv =0.05 N/mm²), 0.6g (σv =0.10 N/mm²) and 0.8g
(σv =0.15 N/mm²), the retrofitted cavity wall using 3 FDM CFRP strips
showed no failure until 1.0g, with OOP displacement responses of 181 mm
(σv =0.05 N/mm²), 226 mm (σv =0.10 N/mm²) and 204 mm (σv =0.15
N/mm²). For the highest considered axial stress (σv =0.20 N/mm²), the
cavity wall retrofitted with 3 FDM CFRP strips showed a displacement of 25
mm for ag ;d = 1.0 g, being slightly higher compared to the URM case.

Including an additional one-sided FRCM overlay has no significant influ-
ence of the OOP displacement response, as shown in Fig. 7.16b, but the
added value of the one-sided FRCM overlay becomes significant when con-
sidering a cavity wall. The OOP displacement response corresponding to ag ;d

= 1.0 g, was significant lower: 55 mm, 23 mm and 14 mm for axial stress
levels of σv = 0.05 N/mm², 0.10 N/mm² and 0.15 N/mm² respectively. For
all NLTH analyses, the maximum displacement was reached during the load-
ing condition where the one-sided FRCM overlay was in compression. This
phenomenon is illustrated in Fig. 7.17, where the negative displacement di-
rection represents the loading case where the one-sided FRCM overlay is in
compression. The maximum reached displacement responses were 55 mm
(FRCM in compression) and 22 mm (FRCM in tension).

Figure 7.17: The maximum response for ground motion set # 2 (highest response of
all sets) with design acceleration ag ;d = 1.0g.

The NLTH analyses were reproduced for an increased number of CFRP strips
in the reference walls. The OOP displacement response for the reference
walls retrofitted with 5 FDM CFRP strips and retrofitted with an additional
one-sided FRCM overlay are shown in Figs. 7.16c and 7.16a respectively.
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(a) (b)

(c)

Figure 7.18: Out-of-plane response following from the NLTH analyses on SDOF sys-
tems: URM (a), 5 FDM CFRP strip retrofitted masonry (b) and 5 FDM
CFRP strip and one-sided FRCM overlay, hybrid retrofitted masonry (c).
Four axial stress levels (σv ) and wall configurations (single leaf and
cavity wall) are included in the analysis.

239



7. Valorization

The addition of two extra FDM CFRP strips in the case of a single leaf
wall, only results in a significant displacement reduction (from 91.7 to 41.1
mm at ag ;d = 1.0g) for the low axial load case with respect to the results
presented in Fig. 7.16c. For the other axial loads out-of-plane response
remained at similar displacements. The retrofitted cavity wall using 5 FDM
CFRP strips showed significant displacement reductions corresponding to
ag ;d = 1.0g, with out-of-plane displacement responses 165 mm (σv =0.05
N/mm²), 169 mm (σv =0.10 N/mm²) and 131 mm (σv =0.15 N/mm²). For
the highest considered axial stress (σv =0.20 N/mm²), the addition of two
extra FDM CFRP strip had limited effect on the out-of-plane displacement
response (25 mm versus 21 mm).

The addition of two extra FDM CFRP strips in the case of a hybrid retrofit
with one-sided FRCM overlay only had a significant effect for the cavity wall
with the lowest considered axial stress level (σv =0.05 N/mm²), where the
out-of-plane response (31 mm) reduced significantly when compared to the
case with three FDM CFRP strips (55 mm, Fig. 7.16b)
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Chapter 8
Conclusions,
recommendations and outlook

The deep mounting of Carbon Fibre Reinforced Polymer (CFRP) strips to
masonry using a flexible adhesive was developed as a minimally-invasive
out-of-plane seismic retrofitting technique for Unreinforced Masonry (URM)
buildings. With this novel retrofitting technique deep grooves are cut in
the masonry, after which CFRP strips are installed at the center of the wall
using a flexible adhesive. This procedure makes the CFRP strips effective for
out-of-plane lateral loading directions.

For walls subjected to in-plane (IP) loading, the application of only the
flexible deep mounted (FDM) CFRP strips retrofit was expected to be insuffi-
cient to enhance the strength for in-plane loading conditions. Consequently,
the addition of a one-sided fabric reinforced cementitious matrix (FRCM)
overlay was proposed to form a hybrid retrofit with the FDM CFRP strips,
in order to enhance the strength and pseudo-ductility of masonry for in-
plane loading conditions. However, it was expected that the addition of a
single-sided FRCM overlay would also have a significant influence on the
out-of-plane behaviour of the retrofitted wall.

The effectiveness of this novel strengthening system, both stand-alone
and in hybrid retrofit configuration, was examined in depth in this doctoral
research. The primary objectives of this thesis were formulated as follows:

1. To define and model the bond behaviour between CFRP strips and
masonry when the flexible adhesive is used;

2. To define and model the out-of-plane behaviour of FDM CFRP strip
retrofitted masonry walls, either with or without a single-sided FRCM
overlay; and

3. To define and model the in-plane behaviour of FDM CFRP strip retro-
fitted masonry walls with a single-sided FRCM overlay.
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In this final chapter, the main conclusions and contributions of this work
with regard to the research questions are presented, and general conclusions
are described. Furthermore, a number of recommendations are given and
suggestions for further research are presented. Finally, an outlook to the
future of FDM CFRP strip retrofitting is presented.

8.1 Conclusions

Bond behaviour between CFRP strips and masonry when the flexible
adhesive is used

An extensive experimental program was undertaken to assess the pull-out
behaviour of deep-mounted CFRP strips bonded with a flexible, visco-elasto-
plastic adhesive to clay brick masonry. Direct pull-out tests were used for
the evaluation of the bond-slip behaviour of the embedded CFRP strips and
a strong logarithmic correlation was found for the relation between the fail-
ure load and the displacement rate. Increasing the loading rate from 0.5
mm/min to 100 mm/min led to an increase of nearly 50% in failure strength
for an embedment length of approximately 1.0 m. The governing failure
mechanism for bonded lengths of < 1.0 m was cohesive failure with brick
splitting, whereas for bonded lengths of ≥ 1.0 m the governing failure mech-
anism shifted to CFRP rupture with a few hairline cracks on the 4-5 layers
of bricks at the loaded end. For both failure mechanisms, the deformation
of the cohesive was dominant. A strong linear correlation was found for the
relationship between the tested range of embedment lengths and the failure
load up to the critical embedment length of 1.0 m, with 82 N/mm anchor-
age length. From the pull-out experiments multiple local bond-slip relations
were obtained, which were averaged to obtain a universal local bond-slip
law for the considered configuration. Using this averaged tri-linear local
bond-slip model as a part of a partial-interaction analysis led to good agree-
ment with the experimental results within the range of tested embedment
lengths (0.34-1.00 m) in terms of force-slip relationship.

The research outcomes were compared to a database consisting of 124
tests on near-surface-mounted retrofits on masonry using a conventional
stiff adhesive. Stiff-adhesive systems achieved considerably higher peak
shear stresses compared to the flexible-adhesive system in the present study
(8.2–16.5 vs. 2.2 N/mm²). Conversely, the flexible-adhesive system achieved
a much larger ultimate debonding slip of 11.6 mm compared to 0.68–2.0
mm for the stiff-adhesive systems. The flexible-adhesive system was able
to achieve an overall higher fracture energy than was obtained for the stiff-
adhesive systems (16.9 vs. 9.7 Nmm/mm²). The nearly uniform distributed
low-magnitude bond stresses over the embedded length obtained when us-
ing a flexible adhesive was important in preventing cohesive debonding in
the masonry substrate, and thus preventing under-utilization of the CFRP.
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Out-of-plane behaviour of masonry walls retrofitted with flexible deep
mounted (FDM) CFRP strips

An experimental program was undertaken to assess the out-of-plane be-
haviour of vertically (one-way) spanning full scale clay brick masonry walls
retrofitted with FDM CFRP strips. In the experimental testing program nine
full-scale masonry walls were tested, from which six walls were retrofitted
with two CFRP strips each using the FDM technique. Three unstrengthened
specimens were tested. All wall specimens were tested with an axial load of
4.8 kN, except one wall specimen retrofitted with FDM CFRP strips, where
the axial load was 20 kN.

Due to the limitations of airbag testing, a novel cyclic six or four point-
bending test setup was proposed and used. The loading rate was selected at
a level for which the strain rate of the embedded CFRP strips were magnitude-
wise similar to the strain rate used in the quasi-dynamic pull-out campaign.

For the unreinforced masonry specimens a typical two-block rigid body
behaviour was initiated after the bed-joint crack near mid-height occurred.
For the retrofitted specimens, the formation of multiple bed joint cracks (14-
20) and crushing of the bed joints for higher mid-span displacements were
observed. In contrast to reported findings in literature regarding the out-of-
plane behaviour of near-surface-mounted retrofitted masonry walls, inter-
mediate cracking and vertical in-plane shear failure was not observed.

The average lateral moment resistance at mid-height of the unreinforced
masonry specimens (three in total) was 0.78 kNm, whereas the average
resistance of the FDM CFRP retrofitted specimens (five in total) was found to
be 1.82 kNm. The moment capacity of the URM wall was increased by 133%
with the installation of the FDM CFRP strips. For the FDM CFRP retrofitted
specimen tested with a higher axial load (20 kN), the tensile forces from the
CFRP strips were predominately countering the second order effects that
occurred at larger deformations, rather than increasing the lateral moment
resistance. The maximum utilization of the tensile capacities of the used
CFRP strips was 48% within this experimental campaign.

For the mean mid-span displacement corresponding to the peak lateral
resistance, an increase with a factor that was approximately 90, from 2.1
mm (URM) to 186.7 mm was determined for an axial load of 4.8 kN. The
instability displacement was approximately equal to the wall thickness for
the URM specimens. For the high axial load FDM CFRP retrofitted speci-
men, the instability displacement was estimated at approximately 200 mm.
For the FDM CFRP retrofitted specimen with low axial load, the instability
displacement could not be reached due to the stroke limits of the actuator
used, which was 210 mm in both directions.

Another objective of the experimental study on the out-of-plane behaviour
on FDM CFRP retrofitted walls, was the development of a practical and
straightforward out-of-plane engineering model. The initial engineering
model consisted of the force-slip behaviour of the FDM CFRP strips, two
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rigid masonry blocks and a discrete joint at mid-height of the wall. This
engineering model provided a poor approximation of the experimentally ob-
tained lateral moment – mid span displacement relations, the main limita-
tion being the assumption of only one crack in the wall in the model. By per-
forming a cross-section analysis using non-linear material models, the lateral
moment capacity was overestimated after a mid-span displacement of ∼120
mm. This overestimation was caused by the slip of the FDM CFRP strips
being non-negligible. A revised engineering model was proposed, where
multiple appending cracks over the height of the wall were introduced. The
bond slip laws for FDM CFRP strips as determined using the uni-axial tensile
tests were successfully implemented in the revised engineering model. Us-
ing a factor of 1.6 for reduction of the compressive strength of masonry due
to degradation caused by cyclic loading with large deformations, the model
provided good approximations to the experimentally obtained lateral mo-
ment – mid-span displacement relations for both the low axial load and the
high axial load. The factor of 1.6 to account for masonry degradation was
assumed to be a valid assumption based on the excessive damage accumu-
lation in the bed-joints caused by the retrofit and the reached displacement
levels.

Out-of-plane behaviour of masonry walls hybrid retrofitted with flexible
deep mounted (FDM) CFRP strips and a single-sided FRCM overlay.

Double shear bond tests were conducted in order to investigate the bond
between the FRCM system and masonry substrate, where the bond length
between the masonry and the FRCM layer was varied. A strong linear cor-
relation was found between the tested bond length range (55-250 mm)
and peak stress in the mesh, where the peak stress was approximately 500
N/mm² per 100 mm bond length. The critical anchorage length for CFRP
mesh rupture was estimated at 340 mm. The tensile behaviour between the
CFRP mesh and the polymer-modified mortar was characterized by means
of tensile tests.

From the experimental campaign on the OOP behaviour of masonry pan-
els retrofitted with solely a single-sided FRCM overlay, it was observed that
the CFRP mesh provided a significant added value in both resistance and
deformation capacity when compared to specimens reinforced with solely
a polymer-modified mortar overlay. The mean moment capacity and corre-
sponding curvature increased from 0.6 kNm and 3 ·10−3 m−1 respectively, to
1.3 kNm and 85 ·10−3 m−1 respectively. Loading cyclically during the out-of-
plane experiments did not affect the moment resistance, ultimate deflection
or ultimate curvature when compared to the statically loaded specimens.
From a cross-section analysis with partially modified material parameters, a
good fit was obtained for the load-deflection relationships.

An additional experimental program was undertaken to assess the out-
of-plane behaviour of one-way spanning full scale clay brick masonry walls
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retrofitted with deep and FDM CFRP strips and a single-sided FRCM over-
lay. In the experimental testing program three full-scale masonry walls were
tested with a four point-bending, cyclic test configuration and an axial load
of 4.8 kN. All specimens showed a significant drop in lateral moment resis-
tance due to CFRP mesh rupture.

The mean lateral moment resistance of the FRCM specimens was found
to be 4.0 kNm and 7.7 kNm for the out-of-plane loading direction where the
one-sided FRCM overlay was in compression and tension respectively. The
addition of a single-sided FRCM overlay to form a hyrbrid retrofit measure
together with the FDM CFRP strips provides a significantly higher lateral
moment resistance compared to both URM (0.8 kNm) and solely FDM CFRP
strip retrofitted walls (1.8 kNm). Strong linear relations were found for
both the internal moment versus the curvature, and the internal moment
versus the CFRP strip stress levels. The contribution of the FRCM layer in
compression was found to be significant for the lateral moment resistance,
effectively resulting in an increased lever arm between the tensile force of
the FDM CFRP strips and the resultant force of the compression zone when
analysing the cross-section (over the height) of the wall.

A simple and practical out-of-plane model was proposed for masonry
walls that are retrofitted with FDM CFRP strips and single-sided FRCM over-
lay. A cross section analysis using non-linear and linear material models
for the used components was applied, where good approximations were ob-
tained for both the internal moment-curvature and the lateral moment-mid
span displacement relationships as determined from the experiments. This
was applicable for both out-of-plane loading directions: FRCM in tension
and FRCM in compression. In contrast to existing literature, the inclusion
of the contribution of FRCM in compression was justified. Even though the
tensile stresses of the CFRP strips were overestimated for the case when the
FRCM layer is in tension, the limited effect of the CFRP strips on the in-
ternal moment capacity for this specific loading direction did not affect the
overall prediction of the model. Both the ultimate bending moment and the
corresponding displacement following from the proposed model (FRCM in
tension) showed good agreement with values obtained using similar models
reported in literature.

In-plane behaviour of masonry walls hybrid retrofitted with FDM CFRP
strips and a single-sided FRCM overlay.

An experimental study was presented that consisted of nine full-scale ma-
sonry walls retrofitted with a single-sided FRCM overlay, FDM CFRP strips
and flexible anchor connection. Three different wall geometries with lengths
of 1.1 m (S walls), 2.0 m (M walls) and 4.0 m (L walls), with three different
axial load levels (0.2, 0.4 and 0.6 N/mm²) per geometry were tested to in-
vestigate the cyclic in-plane behaviour of the reinforced full-scale masonry
walls. None of the walls showed any shear damage on either the reinforced
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and as-built surfaces during the cyclic in-plane experiments. The observed
pre-dominant failure mechanism was rocking (low and moderate axial load
S walls), a combination of rocking and toe-crushing (high axial load S spec-
imen; M walls), and a combined flexure and sliding (L walls). The mean
structural ductility factors were in the range of 3.7-14.7 (M walls), 4.2 (low
axial load L wall) and 3.5-25.0 (medium and high axial load L wall). The
last range represents a lower bound as the limited stroke of the horizontally
oriented hydraulic actuator was insufficient to reach a 20% force drop in the
post-peak phase.

A mechanical model based on EC6 [129] was proposed to determine
the capacity of the reinforced walls during in-plane loading, covering both
moment failure and shear sliding failure. The mechanical model provided
a good approximation of the experimentally obtained ultimate loads. The
sliding resistance obtained from the model was conservative because the
dowel effect of the anchor in the compression zone was not taken into ac-
count. The moment resistance was a factor 1.5-2.1 (S walls) and 1.3-1.8
(M walls) higher compared to URM walls. Using the mechanical model and
the in-plane test results, the calculated tensile forces in the anchors ranged
between 19.0 kN and 37.3 kN.

Additional pull-out experiments considering two stress distribution sce-
narios were performed on prisms with steel anchors to determine the an-
choring strength in the flexible adhesive. The results obtained from the
direct pull-out experiments confirmed the scenario where the tensile forces
in the anchor were transferred to the CFRP strip (mean anchorage strength
17.9 kN). This scenario provided a conservative but decent approximation
of the analytically determined anchorage strength.

In-plane shear behaviour of masonry wallettes hybrid retrofitted with
FDM CFRP strips and a single-sided FRCM overlay.

The diagonal compression test was used for the evaluation of the in-plane
shear behaviour wallettes that were either unreinforced, FDM CFRP strip
retrofitted, or hybrid FDM CFRP strip and single-sided FRCM overlay retro-
fitted. Retrofitting with solely a FDM CFRP strip did not affect the strength
of masonry elements loaded for in-plane shear when compared to the URM
wallettes. It was however found that the deep grooves resulted in a 25%
lower shear modulus compared to the URM specimens. Moreover the ex-
periments showed that in contrast to the URM specimens, the specimens
with solely a FDM CFRP strip retrofit did not disintegrate after reaching the
failure load.

Specimens retrofitted with both a FDM CFRP strip and a single-sided
FRCM overlay showed an increase in shear capacity of 1.7 and 1.8 times
compared to the URM specimens for both a 10 mm and 20 mm FRCM layer
thickness respectively. Application of a single-sided FRCM layer resulted
in an increase of approximately 40% of the shear modulus compared to
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the unstrengthened control specimens. No strong correlation was found
between the thickness of the mortar matrix of the FRCM layer and the failure
load. Additionally, the FRCM layer thickness was found to have limited
influence on the shear modulus. The pseudo-ductility factors obtained were
in the range of 8.5-9.3 and 15.4-15.6 for the reinforced specimens with a 10
mm and 20 mm FRCM layer thickness respectively, showing that a one sided
FRCM overlay leads to a significant increase in ductility.

For the evaluation of the URM specimens for in-plane shear behaviour an
existing analytical model showed good correspondence with the experimen-
tal values for both the failure mechanism and the failure load, with an exper-
imental/model ratio (φ) of 0.98. Guidelines presented in the EC 8-3 [135]
(φ=1.43), proposed by Triantafillou [141] (φ=1.94) and implemented in
ACI-549-13 [142] (φ=1.31) resulted in conservative approximations.

Research objectives

The effectiveness of the FDM CFRP retrofit system, both stand-alone and
in hybrid retrofit configuration with a single-sided FRCM overlay, was ex-
amined in depth in this doctoral research. The primary research objectives
have been achieved. Through extensive experimental campaigns, more in-
depth knowledge was obtained regarding the governing mechanics and fail-
ure mechanisms for pull-out, in-plane and out-of-plane loading conditions.

Retrofitting solely with FDM CFRP strips improved the resistance for out-
of-plane loads and significantly enhanced the displacement capacity of ver-
tically (one-way) spanning masonry walls. The addition of FDM CFRP strips
did not affect the strength of masonry elements loaded under in-plane shear.

With the FDM CFRP and single-sided FRCM overlay hyrbrid retrofit, the
in-plane shear behaviour of masonry walls was significantly enhaced. For
out-of-plane loads, the addition of a single-sided FRCM overlay improved
the performance of the FDM CFRP strips significantly.

Simple models have been proposed and validated for the bond-behaviour
of FDM CFRP strips, the out-of-plane behaviour of FDM CFRP retrofitted
masonry walls, the out-of-plane behaviour of FDM CFRP and single-sided
FRCM overlay hyrbrid retrofitted masonry walls, and the in-plane behaviour
of FDM CFRP and single-sided FRCM overlay hyrbrid retrofitted masonry
walls.

8.2 Recommendations

Research into the use of flexible deep mounted (FDM) carbon fibre rein-
forced polymer (CFRP) strips as a seismic retrofitting technique for clay brick
masonry structures is early in its development. Even though an extensive ex-
perimental campaign was reported within this thesis, some related aspects
require further research.
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Pull-out test involving flexible adhesives: Testing the pull-out and
bond-slip behaviour of systems that include visco-elasto-plastic components
should be conducted at a loading rate that is more representative for the
practical application of the system. Additionally, active speed control is ad-
vised to maintain a steady loaded-end slip rate.

Cyclic pull-out test: The pull-out tests in this research were all mono-
tonic. Performing additional tests with cyclic loading conditions can lead to
a better understanding of the flexible adhesive-CFRP strip bond mechanism.

Shake table tests: Further research into the dynamic performance of
FDM CFRP strip (and optional single-sided FRCM overlay) retrofitted ma-
sonry walls is recommended by means of performing shake table tests. This
form of testing would allow the dynamic characterization (damping, period
response etc.) of retrofitted masonry walls to be established.

Two-way spanning walls: The out-of-plane experimental campaign fo-
cused solely on vertically, one-way spanning masonry walls. With two-way
spanning walls, being supported at the horizontal and vertical edges, biax-
ial bending occurs when the wall is subjected to out-of-plane loads. The
behaviour of a FDM CFRP strip retrofitted wall when subjected to OOP two-
way bending excitation can be assessed with an additional testing campaign.

Cavity walls: The walls tested in this study were made from single leaf
clay brick masonry. Additional experimental investigation on cavity walls
is needed to determine the load transfer across the wall ties in case of a
retrofitted inner leaf. This load transfer is especially of interest for out-of-
plane loads resulting in high mid-span wall displacements.

In-plane: No shear damage was observed within the applied load range
on conducted static-cyclic in-plane shear tests on full-scaled masonry spec-
imens strengthened with the hybrid reinforcement system. With these can-
tilever shear walls there are regions of: (a) nearly pure tension stress; (b)
nearly pure compression stress; (c) combined tension and shear stresses;
and (d) combined compression and shear stresses. The diagonal compres-
sion test as reported in Chapter 6 is applicable only to the latter case being
the compression-shear region. Thus, the mechanical characteristics and ef-
fectiveness of the repair techniques will not be fully revealed by diagonal
compression testing alone. Just like the additional experimental program
for the combined compression and shear stresses covered in Chapter 6, test-
ing other shear stress combinations are recommended to fully understand
the response of reinforced masonry shear walls.

Finite element modelling: Additional finite element modelling is rec-
ommended, supported by more extensive experiments on the dynamic be-
haviour of the flexible adhesive and the adhesive/CFRP strip interface. The
improved finite elements models can provide more insight on not only on
the bond-slip and pull-out behaviour of FDM CFRP strips, but also on the
out-of-plane behaviour of FDM CFRP strip retrofitted masonry walls.
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Durability: When installing FDM CFRP strip strengthening on the load
bearing inner leaf of cavity walls, environmental factor such as moisture and
extreme temperatures do not oppose a direct problem for the retrofit sys-
tem, as highlighted in section 2.2.2. Further research should be undertaken
on the effects of these environmental factors on the adhesive-to-masonry
and adhesive-to-CFRP interface mechanics, if the FDM CFRP strip are to be
placed in less protective circumstances and/or more extreme environments.

Different masonry types: The study presented in this thesis focused
solely on solid clay brick masonry walls. Special attention is needed for
masonry involving perforated bricks/blocks. The presence of cores in the
brick or block unit may affect the debonding resistance due to stress con-
centrations. It is recommended to conduct a series of pull-out experiments
to assess the validity of the FDM CFRP strip retrofit for a type of brick/block
that deviates significantly from the used solid clay bricks in this research.

Connection: The connection/anchoring of strengthened masonry walls
to floor slabs, foundations and structural reinforced concrete elements (i.e.
masonry-infilled reinforced concrete frames) deserves some extra attention.

8.3 Outlook

There is a growing awareness worldwide of the need to structurally improve
the existing building stock to protect communities in the event of earth-
quakes. The use of flexible adhesives for the (deep) mounting of composite
materials will provide new opportunities in the field of seismic retrofitting.

The application domain of flexible mounted FRP components can be ex-
panded to different substrates such as concrete, stone masonry and calcium
silicate masonry. Different composite materials could be considered to fur-
ther reduce the costs, CO2 footprint and non-renewable material usage of
the total retrofitting concept. The proposed concept could also be applied
for blast resistant design to resist explosive threats, where the high defor-
mation capacity of the retrofitted wall would be beneficial in terms of blast
energy dissipation.

As an alternative for the deep mounting configuration, the vertical drilling
concept was developed towards the end of this doctoral research as an in-
visible retrofit measure. Using guided special drilling equipment, a borehole
is drilled from the top of the wall. After injecting the flexible adhesive into
the borehole from the top of the wall, a CFRP rod is pushed into position.
An important boundary condition for this type of retrofit installation is that
the topside of the wall should be easily accessible. This proposed concept
with drilling could be beneficial for retrofitting monuments, where even the
slightest impact on the aesthetics of the building is mostly not accepted.
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Appendix A
Database pull-out experiments

An overview of all Near Surface Mounted (NSM) / Externally Bonded (EB)
CFRP-to-masonry bond strength tests, obtained using Vaculik et al. [54], is
presented in Table A.1. This table covers 733 pull-out experiments on CFRP-
to-masonry bond strength tests found in open literature, spread over 27 sep-
arate research studies [13,21,28–53].
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A. Database pull-out experiments

Table A.1: Database Near Surface Mounted (NSM) / Externally Bonded (EB) direct
pull-out experiments for CFRP and masonry, obtained using the global
database Vaculik et al. [54].

Reference Configuration
Number of
specimens

Pmax

(kN)
Utilization
(%)

Failure
mode*

Eadhesi ve

(N/mm²)
[28] EB/sheet 4 16.2-28.3 - SD 1,230
[29] EB/sheet 8 3.2-5.9 12-33 SD 3,000
[30] EB/sheet 18 3.2-20.4 8-50 SD -
[31] EB/sheet 5 15.9-20.2 56-74 SD >3,000
[32] NSM/strip 6 56.8-66.5 54-64 SD/AF >2,000
[21] NSM/strip 18 53.6-84.5 51-81 SD/AF/CR >6,000
[33] NSM/strip 15 17.5-50.7 53-100 SD/AF/CR 6,700
[34] EB/sheet 64 0.8-19 14-76 SD -
[35] EB/sheet 3 8.5-13 29-44 SD/PF 3,300
[36] EB/sheet 8 6.3-10.3 7-11 SD/AF 12,800
[37] EB/sheet 5 5.1-6.1 69-82 SD 3,670
[38] EB/sheet 9 5.3-12.1 35-87 SD -
[39] EB/sheet 6 14.9-32.4 34-37 SD -
[40] NSM/strip 14 41.0-75.3 30-75 SD >6,700
[41] EB/sheet 136 4.1-10.3 18-44 SD >1,308
[42] EB/sheet 17 4.5-14.2 4-9 SF/CR 12,800
[43] EB/sheet 6 10.1-14.7 24-36 SD 3,300
[13] NSM/strip 39 17.8-65.2 26-100 SD/AF/CR >9,600
[44] EB/sheet 6 12.5-14.9 30-36 SD/AF 3,300
[45] EB/sheet 5 8.6-9.5 37-41 SD/PF/CR 8
[46] EB/sheet 15 5.6-14.1 24-59 SD 7,100
[47] EB/sheet 222 0.8-6.3 15-100 SD/CR 2,590
[48] EB/sheet 3 5.8-13.6 24-57 SD -
[49] EB/sheet 28 5.0-16.2 41-99 SD/AF 12,840
[50] EB/sheet 14 8.5-15.8 48-90 SD/AF/CR 4,500
[51] EB/sheet 24 6.5-11.9 28-51 SD -
[52] EB/sheet 8 9.4-23.5 48-100 SD/CR/PF -
[53] EB/sheet 27 6-15.1 25-61 SD/AF/CF 15-4,500

* D = Substrate debonding; AF=Adhesive failure;
CR=CFRP rupture; PF=Prism failure (compression)
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Appendix B
Flexural strength and
out-of-plane displacement
capacity of masonry walls
with fabric reinforced
cementitious matrix
composites

This appendix presents an approach for the design of the out-of-plane flex-
ural strengthening of masonry walls by FRCM systems.The content of this
appendix was obtained from Meriggi, de Felice and De Santis [124].

According to bending theory, the flexural strength of masonry walls re-
inforced with externally bonded FRCM composites can be calculated by a
cross-sectional analysis assuming that:

1. there is strain compatibility between FRCM and substrate;

2. plane sections remain plane after loading;

3. FRCM is assumed to be linear elastic in traction up to the attainment
of the effective strain ε f e ≤ ε f d ;

4. The contribution of FRCM in compression is neglected. Only in the
case of CRM composites, which are 30-50 mm thick and whose spalling
/ buckling is prevented by the FRP connectors, the presence of the re-
inforcement on the compression side is accounted for by increasing the
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B. Flexural strength and out-of-plane displacement capacity of
masonry walls with fabric reinforced cementitious matrix composites

thickness of the wall cross section (the contribution of the FRP mesh is
neglected anyway). This means that the same value of elastic modulus
is assigned to both the substrate (masonry) and the matrix. From an
engineering standpoint, the error associated with this simplification is
negligible;

5. Masonry has no tensile strength, whereas a stress-block diagram is
assumed under compression as outlined hereafter.

A wall having width L and thickness t is considered, subjected to the
axial load NE d . The flexural strength can be evaluated on the basis of the
following data (Fig. B.1) for textile and masonry respectively:

• FRCM textile plies (n f ), spacing between strips (s f ), width of the single
strand (w f ), design thickness of each ply in the load direction (t f ),
design axial strain (ε f d ) and tensile modulus of elasticity (E f );

• Mechanical properties of masonry: a stress-block diagram is assumed
in compression, in which masonry has a constant stress value of ζ · fmc

over a depth of β · cu (ζ and β being two scalar coefficients and cu the
neutral axis depth).

Figure B.1: Cross-section of the wall, strain and stress profiles, and load resultants
assumed in the proposed assessment approach. Note that εm is the com-
pressive strain in masonry.

The neutral axis depth (cu) is calculated by imposing the balance of the
force resultants. MR is evaluated as the sum of the contributions of masonry
Fm and FRCM Ft , both calculated with respect to the centre of the cross-
section (where NE d is applied).

Assuming FRCM rupture and no crushing of the masonry, cu is provided
by Eq. B.1 and the resisting bending moment is calculated in accordance
with Eq. B.2, where Υ follows from Eq. B.3.

cu = 1

Emε f d L

(
−NE d −Υ+

√
(Υ+NE d )2 +2Emε f d Lt (NE d +Υ)

)
(B.1)
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Υ= ε f d E f n f t f L
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(B.3)

Aiming at estimating the deflection capacity of an FRCM retrofitted wall,
it is assumed that the collapse mechanism is described by two nearly-rigid
blocks rotating after a crack has developed in the cross-section where the
ultimate flexural strength is attained. Crack occurrence requires that FRCM
detach locally from the masonry to allow composite-to-substrate relative dis-
placement, which is assumed to occur over a development length `, sym-
metrically distributed on the two sides of the crack (Fig. B.2). Such relative
displacement is considered uniform along ` and null elsewhere. It is also
assumed that the textile attains its design axial strain ε f d along the whole
development length, such that its elongation results ` ε f d . The out-of-plane
displacement (ud ) is calculated under the small displacements assumption
through Eq. B.4, in which t is the thickness of the wall, h1 and h2 (with
h1 ≤ h2) are the distances between the supports and the considered cross-
section and γu,K is a statistical coefficient providing the characteristic (5%
fractile) value of ud .

Figure B.2: Sketch of the two nearly-rigid block mechanism for out-of-plane deflec-
tion capacity estimate.
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ud = γu,K
`ε f d

t (1/h1 +1/h2)
(B.4)

A statistical coefficient of γu,K = 0.4 was recommended for the evaluation
of the characteristic drift, when ultimate limit state conditions are under
consideration. Based on the least squares best fit between experimental
and theoretical drift values, a value of 413 mm was recommended for l . It
should be noted that parameter ` does not coincide with the effective trans-
fer length, which may be determined experimentally, as the bonded length
needed for the full exploitation of the FRCM-to-substrate load transfer ca-
pacity. Indeed, the development length at each side of the crack (`/2) might
be expected to be shorter than the effective transfer length since the strain
in the CFRP mesh is assumed to attain ε f d within `, whereas it generally
reduces by moving away from the FRCM loaded end (the crack).

The input parameters used to model an FRCM retrofitted wall, with sim-
ilar dimensions and axial load as the tested walls in Chapter 5, are summa-
rized in Table B.1.

Table B.1: Input parameters.

Parameter Symbol Value Unit
Young’s modulus of the embedded CFRP mesh E f 266,000 N /mm2

Development length ` 413 mm
Length of the wall L 965 mm
Number of plies n f 1 -
Axial load on the wall Ned 4.8 kN
Spacing between strand of the CFRP mesh s f 20 mm
Thickness of the wall t 95 mm
Design thickness of the embedded CFRP mesh t f 0.293 mm
Width of of a single strand of the CFRP mesh w f 3 mm
Ultimate tensile strain of the CFRP mesh ε f d 0.64 %
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Appendix C
Preliminary finite element
models of FDM CFRP strips

In this Appendix preliminary finite element models are presented regard-
ing the bond-slip and pull-out behaviour of flexible deep mounted (FDM)
carbon fibre reinforced polymer (CFRP) strips. The modelling of the fabric
reinforced cementitious matrix (FRCM) layer is not presented, as numerical
modeling strategies for the evaluation of the in- and out-of-plane perfor-
mance of masonry structures strengthened with FRCM are available [145].
ABAQUS FEA software was used for the numerical analysis.

C.1 Flexible adhesive

The rate dependent tensile behaviour of the adhesive is modelled as a strain-
dependent plastic. The load application is assumed non-cyclic and moving
in a single direction. For more accurate representation of the visco elasto-
plastic adhesive, the use of a two-layer viscoplasticity model is suggested
as numerical modeling strategy. The material test data (as was presented
in Fig. 2.2) can be converted to ABAQUS input. The strains provided in
material test data are the total strains in the material, which need to be
decomposed into the elastic εe and plastic strain εp components (Fig. C.1).
The plastic strain is obtained by subtracting the elastic strain, defined as the
value of true stress σ divided by the Young’s modulus E , from the value of
total strain (Eq. C.1).

εp = εt −εe = εt − σ

E
(C.1)
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Figure C.1: Decomposition of the total strain into elastic and plastic components.

The nominal stress and nominal strain are converted to true stress and
true strain following Eqs. C.2 and C.3 respectively. Once these values are
known, the equation relating the plastic strain to the total and elastic strains
(Eq. C.1) can be used to determine the plastic strains associated with each
yield stress value.

σ=σnom(1+εnom) (C.2)

ε= ln(1+εnom) (C.3)

ABAQUS approximates the smooth stress-strain behaviour of the mate-
rial with a series of straight lines joining the given data points. Any number
of points can be used to approximate the actual material behaviour; there-
fore, it is possible to use a very close approximation of the actual material
behaviour. The test data are entered as tables of yield stress values versus
equivalent plastic strain at different equivalent plastic strain rates. The yield
stress must be given as a function of the equivalent plastic strain. The yield
stress at a given strain and strain rate is interpolated directly from these ta-
bles. The input data in ABAQUS for the tensile behaviour of the flexible ad-
hesive (Young’s modulus 66.67 N/mm², Poisson’s ratio = 0.48), determined
using Fig. 2.2, is provided in Table C.1.

A 2D-planar shell element was used to model a stroke of the flexible ad-
hesive (Fig. C.2. The top of the geometry was fixed against displacement
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C.1 Flexible adhesive

Table C.1: Input data in ABAQUS for the flexible adhesive (Young’s modulus 66.67
N/mm², Poisson’s ratio = 0.48).

Yield stress Plastic strain Rate
0.02 0 0
5 0.5 0
0.0200 0.0000 0.00276
0.6000 0.0160 0.00276
0.9500 0.0358 0.00276
1.6200 0.0757 0.00276
2.2700 0.1160 0.00276
3.0000 0.1550 0.00276
3.7000 0.1945 0.00276
4.4000 0.2340 0.00276
5.1000 0.2735 0.00276
5.7200 0.3142 0.00276
6.3000 0.3555 0.00276
6.9000 0.3965 0.00276
7.4500 0.4383 0.00276
0.0200 0.0000 0.05259
1.2000 0.0070 0.05259
1.9300 0.0211 0.05259
2.9500 0.0558 0.05259
3.8400 0.0924 0.05259
4.7500 0.1288 0.05259
5.6000 0.1660 0.05259
6.4000 0.2040 0.05259
7.1000 0.2435 0.05259
7.6500 0.2853 0.05259
8.2000 0.3270 0.05259
8.7000 0.3695 0.05259
9.2500 0.4113 0.05259
10.1500 0.4678 0.05259

in the y-direction. At the bottom of the geometry a displacement boundary
condition (in the y direction) was set to be reached within a certain time,
resulting in a specific strain rate. Four-node plane stress elements (CP4SR)
were chosen to mesh the selected geometry. Reduced integration and en-
hanced hourglass control were employed for all the elements to decrease
computation time and improve convergence.

The tensile stress-strain relationships of the flexible adhesive following
from the material test data are compared with the obtained tensile stress-
strain relationships from the finite element model (Fig. C.3). Two strain
rates ε̇ of 0.46 %/s and = 10.33 %/s, are presented. The results of the finite
element model are cut off at the plastic strain levels provided in Table C.1.
For both strain rates levels, the tensile stress-strain relationships obtained
using the finite element model provided a good fit with the material test
data for tensile behaviour.

Using the same input data as presented in Table C.1, the thick adherend
shear test presented in section 2.2.2 was simulated. A 2D-planar shell ele-
ment with a length and height of 10 mm and 1.75 mm respectively, was used
to model the flexible adhesive under shear loading (Fig. C.4. The bottom of
the geometry was pinned (U1=U2=U3=0), whereas the top of the geometry
was fixed against displacement in the y-direction. At the top of the geome-
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C. Preliminary finite element models of FDM CFRP strips

try, an additional displacement boundary condition (in the x direction) was
set to reach a displacement of 2.1 mm within 12.6 seconds (similar to the
crosshead rate of 10 mm/min presented in section 2.2.2). Again, four-node
plane stress elements (CP4SR) were chosen to mesh the selected geometry,
with reduced integration and enhanced hourglass control. The result of the
finite element simulation is provided in Fig. C.5.

Figure C.2: Geometry used to model the tensile behaviour of the flexible adhesive.

Figure C.3: Comparison tensile stress-strain relationships obtained using the finite
element model with the material test data for tensile behaviour.

The shear stress-strain relationships of the flexible adhesive following
from the material test data are compared with the obtained tensile stress-
strain relationships from the finite element model (Fig. C.6). The shear
stress-strain relationships obtained using the finite element model provided
a good fit with the material test data for shear behaviour.
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C.1 Flexible adhesive

Figure C.4: Geometry used to model the shear behaviour of the flexible adhesive.
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Figure C.5: Result finite element model regarding shear stresses.

Figure C.6: Comparison shear stress-strain relationships obtained using the finite el-
ement model with the material test data for shear behaviour.
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C.2 Bond-slip behaviour FDM CFRP strip

The available traction-separation model in ABAQUS assumes initially linear
elastic behaviour followed by degradation. Damage modeling allows the
simulation of the degradation and eventual failure of the bond between two
cohesive surfaces. The failure mechanism consists of two components: a
damage initiation criterion and a damage evolution law. Damage initiation
refers to the beginning of degradation of the cohesive response at a contact
point. A typical cohesive traction-separation law with damage evolution is
shown in Fig. C.7. For more background information regarding the traction-
separation model in ABAQUS, the ABAQUS user manual can be consulted
[146]. Figure C.7 shows a damage model in three directions, but likely only
the longitudinal shear direction along the CFRP strip is important in this
analysis, whereas the interface normal properties and the interface shear
properties for the other direction do not play a role. A simple axial truss
element with a simple line-interface element including just the bond-slip
shear traction curve can also be sufficient.
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Figure C.7: Typical cohesive traction-separation law with damage evolution.

Two modelling strategies were maintained regarding the thick adhesive
layer. In the first approach, the influence of the adhesive mass on shear de-
formation was neglected in determining the traction-separation parameters.
The analysed geometry with a length of 200 mm is shown in Fig. C.8. Due to
symmetry of the proposed 2D approach, only half of the cross-section A-A as
was illustrated in Fig. 3.1 is modelled. The adhesive (4.3 mm in thickness)
was assigned a Young’s Modulus of 1,000,000 N/mm² and a Poisson ratio of
0. The CFRP strip (0.7 mm thickness) was modelled as a linear elastic ma-
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C.2 Bond-slip behaviour FDM CFRP strip

terial (Young’s modulus 198,000 N/mm², Poisson’s ratio = 0.23). The top
edge of the CFRP strip was assigned to be symmetrical in the y-direction,
and the bottom of the adhesive was encastered.

Figure C.8: Geometry used to model the traction-separation behaviour.

A surface to surface contact with small sliding was assigned between
the CFRP strip and the adhesive. The contact interaction property for this
interface included a traction-separation model. Maximum separation was
selected as damage initiation criterion based using the maximum separation
value of δ = 2.8 (assumed the same for all directions), following the global
bond-slip law presented in section 3.4. The uncoupled stiffness coefficient,
which was assumed to be same in all three directions, was assigned a value
of τ f /δ1 = 2.2 / 2.8 = 0.79 (τ f and δ1 obtained from Table 3.4). Using
the uncoupled stiffness coefficient and the maximum separation value, the
displacement-based damage variables and corresponding plastic displace-
ment were determined.

The second approach included the effect of the adhesive mass in shear
deformation in determining the traction-separation parameters. The strat-
egy and assigned properties remained the same as mentioned in the previous
paragraph, except the flexible adhesive was now assigned the input param-
eters presented in Table C.1. As the shear deformation of the adhesive is
now present, the traction-separation parameters needed modification. The
traction-separation related input data in ABAQUS are provided in Table C.2
for both strategies. The obtained local bond-slip behaviours following both
strategies resulted in a close estimation of the averaged multi-linear local
bond-slip behaviour (Table 3.4), as shown Fig. C.9.
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Table C.2: Traction-separation related input data in ABAQUS for strategy 1 (adhesive
mass neglected) and strategy 2 (adhesive mass included).

Strategy 1 (adhesive mass neglected) Strategy 2 (adhesive mass included)

Uncoupled stiffness coefficients Uncoupled stiffness coefficients
Knn 0.786 Knn 1.375
Kss 0.786 Kss 1.375
Ktt 0.786 Ktt 1.375

Maximum separation criterion for damage initiation Maximum separation criterion for damage initiation
Normal only 2.8 Normal only 1.6
Shear-1 only 2.8 Shear-1 only 1.6
Shear-2 only 2.8 Shear-2 only 1.6

Displacement based damage evolution Displacement based damage evolution
Softening Tabular Softening Tabular

Damage variable Total/Plastic displacement Damage variable Total/Plastic displacement
0.000 0.0 0.000 0.0
0.176 0.6 0.200 0.4
0.300 1.2 0.333 0.8
0.391 1.8 0.429 1.2
0.462 2.4 0.500 1.6
0.606 3.4 0.556 2.0
0.711 4.4 0.620 2.4
0.789 5.4 0.736 3.4
0.851 6.4 0.814 4.4
0.901 7.4 0.869 5.4
0.956 8.8 0.911 6.4
0.963 10.9 0.943 7.4
0.968 13.0 0.969 8.4
0.972 15.2 0.974 9.4
0.975 17.2 0.977 10.9

- - 0.979 12.4
- - 0.981 13.9
- - 0.983 15.4
- - 0.984 16.9
- - 0.985 18.4

Figure C.9: Comparison local bond-slip behaviour following from both FEM strate-
gies with the averaged multi-linear local bond-slip behaviour.
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C.3 Pull-out behaviour FDM CFRP strip

The pull-out tests presented in section 3.3 were simulated for anchorage
lengths 340 mm, 530 mm, 730 mm and 1,000 mm. Due to symmetry, only
a quarter of the pull-out specimens were modelled, as shown in Fig. C.10.
The masonry (100 mm height en 50 mm width) was modelled as a homo-
geneous, linear elastic material (Young’s modulus 3,100 N/mm², Poisson’s
ratio = 0.25). The CFRP strip (0.7 mm thickness) was modelled as a homo-
geneous, linear elastic material (Young’s modulus 198,000 N/mm², Poisson’s
ratio = 0.23). Based on the selected strategy, two different geometries were
analysed, as shown in Fig. C.11.

Figure C.10: Simplification of the pull-out specimen for finite element modelling.

For strategy 1, where the influence of the adhesive mass was neglected,
the analysed geometry was simplified to a rectangular block masonry with
a CFRP attached on top of it, as shown in Fig. C.11. The top surface of
the CFRP strip and masonry were again assigned to be symmetrical in the
y-direction. The left surfaces of the CFRP strip and masonry were assigned
to be symmetrical in the x-direction. The left surface of the masonry was
restricted movement in the z-direction. The contact interaction property for
the interface between the CFRP strip and the masonry included the previ-
ously presented traction-separation model (strategy 1, Table C.2).
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C. Preliminary finite element models of FDM CFRP strips

Figure C.11: Geometries and boundary conditions (BC) of the two proposed FEM
strategies.

For strategy 2, where the influence of the adhesive mass was included,
the adhesive mass was simplified, as shown in Fig. C.11. Between the ad-
hesive mass and the masonry interface, only a tie constraint was assigned
for the interface with the normal pointing in the y direction. The top sur-
face of the CFRP strip and masonry were assigned to be symmetrical in the
y-direction, whereas the left surfaces of the CFRP strip, adhesive mass and
masonry were assigned to be symmetrical in the x-direction. The left surface
of the masonry was restricted movement in the z-direction. The contact in-
teraction property for the interface between the CFRP strip and the adhesive
mass included the previously presented traction-separation model (strategy
2, Table C.2). No interaction properties or constraints were applied for the
interface between the masonry and the CFRP strip.
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C.3 Pull-out behaviour FDM CFRP strip

For both strategies, a displacement boundary condition (in the z direc-
tion) was set at the left surface of the CFRP strip, to reach a displacement of
17.5 mm within 15 seconds (similar to the pull-out speed of 70 mm/min in
section 3.3). Four-node plane stress elements (CP4SR) were chosen to mesh
the selected geometry (maximum mesh size 10 x 10 mm), with reduced
integration and enhanced hourglass control.

The force-slip results of the finite element simulations were plotted to-
gether with the experimental outcomes (section 3.3) and the prediction
made with the partial interaction model (section 3.4) in Figs. C.12 (strat-
egy 1) and C.13 (strategy 2). Both finite elements strategies resulted in
force-slip relationship that showed good correspondence with the force-slip
relationship determined using the partial interaction model.

As both modelling strategies provide similar results in terms of force-slip
relationship, strategy 1 was selected for further analyses due to the simple
implementation. The shear stress distribution in the masonry (y-z plane)
and the axial stress distribution in the masonry (z-direction) are provided
in Figs. C.14 and C.15 respectively for masonry lengths L= 340 (a), 530
(b), 730 (c) and 1,000 mm (d). The shear stress distribution in the masonry
right below the CFRP strip following from the finite element simulations
(Fig. C.14) showed good correspondence with the stress distribution profile
obtained using the partial interaction model, as was presented in Fig. 3.33.

Figure C.12: Comparison force-slip relationship: finite element simulations (strategy
1) with the and partial interaction (PI) model.

273



C. Preliminary finite element models of FDM CFRP strips

Figure C.13: Comparison force-slip relationship: finite element simulations (strategy
2) with the and partial interaction (PI) model.
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Figure C.14: Shear stresses in the masonry (y-z plane) at the maximum pull-out re-
sistance, as obtained with the finite element simulations (strategy 1).
Gradient map ranges from 0 N/mm² (blue) to 1.7 N/mm² (red).
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Figure C.15: Axial stresses in the masonry (z-direction) at the maximum pull-out
resistance, as obtained with the finite element simulations (strategy 2).
Gradient map ranges from -4.5 N/mm² (blue) to 0 N/mm² (red).
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Appendix D
Simplified models describing
the force-displacement
response of vertically
spanning (strengthened)
masonry walls subjected to
out-of-plane loading

This appendix presents simplified models describing the force-displacement
response of vertically (one-way) spanning (strengthened) masonry walls
subjected to out-of-plane loading. The considered strengthening systems
are flexible and deep mounted (FDM) CFRP strips (also considered stand-
alone), and a single sided FRCM overlay. The simplified models presented
in this Appendix ignore any bond strength that the wall may have prior to
cracking, thus effectively treating the wall as pre-cracked from the outset.

D.1 Flexible deep mounted CFRP strips

The simplified engineering model consists of three rigid masonry blocks and
two discrete joints, as shown in Fig. D.1. During lateral loading, the CFRP
strips will be pulled out of the top and bottom rigid blocks. Additionally, the
CFRP strip will elongate over the middle block.

For a rigid block length with a minimum of 750 mm, the the relation be-
tween between CFRP stress σp and slip ∆s of the CFRP strip follows from
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out-of-plane loading

Figure D.1: Simplified engineering model for the out-of-plane behaviour of FDM
CFRP retrofitted vertically spanning masonry walls.

Eq. D.1. This relation was obtained using the one-dimensional partial-
interaction model and global bond-slip law presented in Chapter 3. It should
be noted that the CFRP stress σp may not exceed the maximum stress level
of 1,600 N/mm2, which is an acceptable limit when compared to the CFRP
stress level limit of 1,300 N/mm2 as determined with the out-of-plane ex-
perimental campaign presented in Chapter 4. The force in a single CFRP
strip can be determined using Eq. D.2, where bp and tp are the width and
thickness of the CFRP strip respectively.

∆s =
σp

1,600
×3.5 (D.1)

Fs = mi n(1,600;σp )×bp × tp (D.2)

The depth of the compression zone xu, j oi nt at the discrete joint can be
determined using Eq. D.16, where the actual stress block was replaced by
a fictitious rectangular block of intensity β times the masonry compressive
strength

(
fm

)
. The degradation in masonry is covered by factor γm = 1.5.
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D.1 Flexible deep mounted CFRP strips

xu, j oi nt = ns ×Fs +P
β× fm
γm

× lw

(D.3)

The number of CFRP strips and the length of the wall is represented by
ns and lw respectively. The effective axial load P is defined using Eq. D.4,
where V and W are the axial load and weight of the wall respectively.

P = 1

2
W +V (D.4)

The total elongation of the CFRP strip within the middle rigid block (∆p ),
follows from Eq. D.5, where Ep is the Young’s modulus of the CFRP strip.

∆p = σp

Ep
× 1

3
hw (D.5)

The displacement difference between the CFRP strip and the masonry
(∆s ) and half of the elongation of the CFRP strip in the middle block (∆p ),
results in a rotation in the joint, and is obtained in accordance with Eq. D.6,
where here ds is the effective depth of the CFRP strip and xu is the ultimate
depth of the compression zone.

ϕ= ∆s + 1
2∆p

ds −xu
(D.6)

The displacement of the wall at mid-height δmi d is obtained using

δmi d =ϕ× 1

3
hw (D.7)

The internal moment in the discrete joint is determined using Eq. D.8

Mi nt = ns ×Fs ×
(
ds − xu

2

)
(D.8)

The external moment in the discrete joint follows from Eq. D.9.

Mext = hw

3
× F

2
− zN ×P (D.9)

279



D. Simplified models describing the force-displacement response of
vertically spanning (strengthened) masonry walls subjected to
out-of-plane loading

where zN is the distance between the point of gravity of the compression
force in the masonry at the discrete joint and the point of gravity of the com-
pression force at the top of the masonry. zN is determined using Eq. D.19,
where the depth of the compression zone xu,top at the top of the masonry
follows from Eq. D.11.

zN = tw,e f f −
xu, j oi nt

2
− xu,top

2
−δmi d (D.10)

xu,top = P
β× fm
γ × lw

(D.11)

Since the internal and external moment in the discrete joint are in equi-
librium, the lateral force F follows from combing Eqs. D.8 and D.9:

F = zN ×P +Mi nt
1
6 hw

(D.12)

The maximum lateral moment with the two-point loading scheme fol-
lows from Eq. D.13, whereas the maximum lateral moment with an equiva-
lent distributed load is determined using Eq. D.14

Mmax,l at ,t wo−poi nt =
1

2
F × 1

3
hw (D.13)

Mmax,l at ,di str i buted = 1

8
qeq ×h2

w (D.14)

Combining Eqs. Eq. D.13 and D.14, the distributed load equivalent for
force F is obtained:

qeq = 4

3

F

hw
. (D.15)

The normalized lateral moment over the normalized height is presented
in Fig. D.2 for both the two-line load and the equivalent distributed load
configuration. The two-line load results in a reasonable approximation of
the equivalent distributed load.

Using the presented calculation steps the lateral moment - displacement
relation of the simplified engineering model was determined and compared
with the experiments in Fig. D.3, for axial loads V = 4.8 and 20 kN. The
simplified engineering model showed acceptable agreement with the exper-
imental findings for both axial load conditions.

280



D.2 Flexible deep mounted CFRP strips and single-sided FRCM overlay:
FRCM in compression

Figure D.2: The normalized lateral moment over the normalized height for both the
two-line load and the equivalent distributed load configuration.

Figure D.3: Comparison outcome simplified engineering model with the absolute
backbone curves from the experimental campaign in 4.

D.2 Flexible deep mounted CFRP strips and single-
sided FRCM overlay: FRCM in compression

When considering flexible deep mounted CFRP strips and single-sided FRCM
overlay, and the FRCM overlay is compression due to the lateral loadign
direction, the model is similar to the three rigid blocks and two discrete
joints model presented in the previous section. The simplified engineering
model for this retrofit combination is shown in Fig. D.4.
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Figure D.4: Detail of the simplified engineering model for the out-of-plane behaviour
of the combined FDM CFRP and one-sided FRCM overlay sretrofitted
vertically spanning masonry walls, when the lateral loading direction is
such that the FRCM layer is in compression.

The depth of the compression zone xu, j oi nt at the discrete joint was mod-
ified Eq. D.16, where the actual stress block was replaced by a fictitious
rectangular block of intensity β times the FRCM compressive strength

(
fm

)
.

The correction in the FRCM overlay is covered by factor γF RC M .

xu, j oi nt = ns ×Fs +P
β× fF RC M
γF RC M

× lw

(D.16)

The number of CFRP strips and the length of the wall is represented by ns

and lw respectively. P is the effective axial load determined with Eq. D.4. It
should be noted that the additional mass of the FRCM layer (36 kg/m² for a
15 mm thick FRCM layer) needs to be taken into account when determining
the weight W of the wall.

The rotation in the joint is modified to Eq. D.17, where here ds is the
effective depth of the CFRP strip and xu is the ultimate depth of the com-
pression zone.

ϕ= ∆s + 1
2∆p

ds −xu + tF RC M
(D.17)

The internal moment in the disrete joint is determined using Eq. D.18

Mi nt = ns ×Fs ×
(
ds − xu

2
+ tF RC M

)
(D.18)
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where zN is the distance between the point of gravity of the compression
force in the masonry at the discrete joint and the point of gravity of the com-
pression force at the top of the masonry. zN is determined using Eq. D.19,
where the depth of the compression zone xu,top at the top of the masonry
follows from Eq. D.11.

zN = tw,e f f + tF RC M − xu, j oi nt

2
− xu,top

2
−δmi d (D.19)

Using the presented calculation steps the lateral moment - displacement
relation of the simplified engineering model was determined and compared
with the experiments in Fig. D.5, for the loading case where the FRCM over-
lay is in compression. The simplified engineering model showed acceptable
agreement with the experimental findings. Increasing the FRCM degrada-
tion factor from 1 to 4 results in a slightly improved fit, but does not have a
significant influence on the outcome.

Figure D.5: Comparison outcome simplified engineering model with the absolute
backbone curves from the experimental campaign in 5 for the loading
case where the FRCM overlay is in compression.

D.3 FRCM overlay in tension

In the out-of-plane calculations for walls with the deep-mounted CFRP strips
and FRCM overlay combination, no capacity is assigned to the deep mounted
CFRP strips when the FRCM layer is under tension. In reality these CFRP
strips would take over post FRCM failure. However, as the out-of-plane
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failure of the FRCM layer also reduces the in-plane capacity, the out-of-plane
failure of the FRCM layers is considered determinant for the design out-of-
plane failure for the considered wall. The simplified engineering model for
this retrofit combination is shown in Fig. D.6.

Figure D.6: Simplified engineering model for the out-of-plane behaviour of the com-
bined FDM CFRP and one-sided FRCM overlay sretrofitted vertically
spanning masonry walls, when the lateral loading direction is such that
the FRCM layer is in compression. The influence of the FDM CFRP is
neglected.

The stress-strain curves for the cementitious matrix and the embedded
CFRP mesh were determined using Eqs. D.20 and D.21 respectively, where
EC M , and Emesh,em are the Young’s moduli cementitious matrix and the em-
bedded CFRP mesh respectively.

σC M =


0 ε< 0,
ε ·EC M 0 < ε≤ εC M ,
ϕ(ε) ·EC M εC M < ε≤ εF RC M ,u ,
0 ε> εF RC M ,u ,

(D.20)

σmesh =


0 ε< 0,
ε ·EF RC M ,u 0 < ε≤ εF RC M ,u ,
0 ε> εF RC M ,u ,

(D.21)

The tensile forces in the embedded CFRP mesh and the cementitious
matrix were determined in accordance with Eqs. D.22 and D.23 respectively.

FC M =σC M × lw × tF RC M (D.22)

Fmesh =σmesh × Amesh (D.23)
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The total force FF RC M in the FRCM overlay follows from D.24:

FF RC M = FC M +Fmesh (D.24)

The depth of the compression zone in the masonry was approximated
with D.25, where P is the effective axial load P as defined using Eq. D.4,
and fm is the compressive strength of the masonry. It should be noted that
the additional mass of the FRCM layer (36 kg/m² for a 15 mm thick FRCM
layer) needs to be taken into account when determining the weight W of the
wall.

xu = 2
FF RC M +P

lw × fm
(D.25)

The sum of the internal moment was obtained using Eq. D.26, where
zN is the distance between the centre of the cross section and the point
of gravity of the compression force in the masonry, determined using Eq.
D.27. The distance between the centre of the cross section of the FRCM layer
and the point of gravity of the compression force in the masonry, zF RC M , is
obtained with Eq. D.28.

Mi nt = FF RC M × zF RC M +FM × zN (D.26)

zN =
{ ( tw

2 − xu
3

) εF RC M
7E−4 εF RC M < 7E −4,

tw
2 − xu

3 εF RC M ≥ 7E −4
(D.27)

zF RC M =
{ (

tw − xu
3 + tF RC M

2

) εF RC M
7E−4 εF RC M < 7E −4,

tw − xu
3 + tF RC M

2 εF RC M ≥ 7E −4
(D.28)

It is obvious that when the displacement δ is equal to 0, the point of
gravity of the compression force in the masonry is in the centre of the cross
section, so zN equals 0. In the model it is assumed that both zN and zF RC M

increases linear from 0 to tw
2 − xu

3 and tw − xu
3 + tF RC M

2 respectively when εF RC M

increases from 0 to 0.0007 mm/mm. After this both zN and zF RC M remain
constant.
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D. Simplified models describing the force-displacement response of
vertically spanning (strengthened) masonry walls subjected to
out-of-plane loading

The moment at the top and foot of the wall is determined using Eq. D.29.
Based on the ultimate moment resistance, the maximum horizontal load on
the specimen follows from Eq. D.30. The distributed load equivalent for
force F is obtained with Eq. D.15, where the curvature follows from Eq.
D.31

Mtop =V × tw

2
(D.29)

F = 6

hw

(
Mi nt +Mtop

)
(D.30)

κR = εF RC M

tw −xu + tF RC M
2

(D.31)

For a simply supported beam with two point loads at at a distance of 1
3 hw

from the supports, the mid-span deflection is provided by δ= 23
216

Mh2
w

E I . With
the curvature being κR = M

E I , the mid-span deflection becomes δ= 23
216κR h2

w .
Based on the distribution of the moment over the height (as shown in Fig.
D.6) the mid-height displacement can be estimated with Eq. D.32

δmi d = 23

216
κR h2

w

(
Mi nt

Mi nt +Mtop

)
(D.32)

Using the presented calculation steps the lateral moment - displacement
relation of the simplified engineering model was determined and compared
with the experiments in Fig. D.7, for the loading case where the FRCM
overlay is in tension. The simplified engineering model showed acceptable
agreement with the experimental findings.

D.4 Unreinforced masonry

The tri-linear F −δ curve illustrated in Figure D.8 is constructed from the
rigid bi-linear curve defined by F0 and δ0. This bi-linear idealisation relies on
the assumption of wall responding as an assembly of two rigid bodies with an
infinite initial stiffness and strength, representing an upper bound of the real
OOP static resistance of a one-way vertical spanning strip wall. Equations
D.33 and D.34 define F0 and δ0 respectively, where ζ describes the position
of the middle crack along the height of the wall. For clamped-clamped walls
the middle crack does not necessarily form at the wall midheight but at
(1−ζ)hw from the base support, with ζ given by Eq. D.35.
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D.4 Unreinforced masonry

Figure D.7: Comparison outcome simplified engineering model with the absolute
backbone curves from the experimental campaign in 5 for the loading
case where the FRCM overlay is in tension.

.

F
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ẟ ẟ ẟ ẟ
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Figure D.8: Derivation of the trilinear model (dotted-dashed line) from the bilinear
model (dashed line) and the pushover curve (solid line) [147].

F0 = 2
ζW +V

ζ(1−ζ)

tw

hw
(D.33)

δ0 = 1

2

tw

1−ζ (D.34)

ζ=
p

(W +V )V −V

W
(D.35)
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D. Simplified models describing the force-displacement response of
vertically spanning (strengthened) masonry walls subjected to
out-of-plane loading

The key parameters of the tri-linear relationship are δ1 = a1δ0 controlling
the wall’s initial cracked stiffness, F1 = b1F0 identifying a force plateau and
δ2 = a2δ0. The tri-linear idealisations proposed in literature beyond δ2 (sec-
ond corner displacement of the trilinear curve), generally located along the
bi-linear curve (δ2 = δ0 −F1/K0 = a2δ0), in some cases, drop to zero match-
ing the bi-linear idealisation (δ3 = δ0); in some other cases, taking into ac-
count the masonry compressive strength and the physical dimension of the
hinges [148], the third branch presents a backward translation (with nega-
tive stiffness equal to K0) of the last tri-linear branch (δ3 = a3δ0). This latter
case, leads to a reduction of the δ2 value (δ2 = δ3 −F1/K0). K0 (= F0/δi ns )
represents the negative stiffness of the system.

The values for a1, a3 and b1 are strongly affected by aspects such as wall
thickness, acting vertical overburden force and masonry mechanical proper-
ties [148]. Doherty [149] identified three stages of degradation: new, mod-
erate and severe damage corresponding to b1 values of 0.72, 0.60 and 0.50
and a1 values of 0.06, 0.13 and 0.20 respectively. Other researchers later
suggested a1 values of 0.04 [150] and 0.05 [151] based on both experimen-
tal results of air-bag quasi static tests and successful numerical modelling of
the dynamic behaviour of one-way vertical spanning strip wall systems. De-
rakhshan et al. [150] showed that an a2 value of 0.25 represents an upper
bound level for this parameter. A refined work on the characterisation of the
F-u relationship can be found in [148]. The contents of this paragraph were
taken from [116].

Figure D.9: Comparison of the determined bilinear (dashed black line) and trilinear
(solid black line) F −u relations with the cyclic envelopes (grey lines) of
specimens URM-02 and URM-03.
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D.4 Unreinforced masonry

With a1 selected at 0.05, δ3 = δ0, b1 = 0.72, and ζ = 0.5, the tri-linear
F−δ curve of the unreinforced masonry walls from Chapter 4 was estimated.
Both the obtained bilinear (dashed black line) and trilinear model (solid
black line) outcomes were compared with the cyclic envelopes (grey lines)
of specimens URM-02 and URM-03, as shown in Fig. D.9.

From the comparison in Fig. D.9 it was observed that the trilinear F −δ
relation was within acceptable agreement between the experiments. The ini-
tial stiffness following from the model was (F1/δ1) 0.3 kN/mm, whereas the
experimentally determined value started at approximately 0.8 kN/mm and
reduced to around 0.15 kN/mm throughout the course of the experiments.
The initial stiffness following from the trilinear model was also acceptable
for the (hybrid) retrofitted specimens. The initial stiffness (F1/δ1) follow-
ing from the URM model was used as an estimate of the initial stiffness for
the simplified engineering model, as the initial stiffness parameter was not
determined for these models.
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Appendix E
FDM CFRP strip spacing

The horizontal spacing s of the FDM CFRP reinforcement must be selected
such that the strengthened URM wall does not fail in horizontal bending
between the strips due to the inertial load caused by the demand accelera-
tion ag ;d [122]. Unreinforced masonry walls subjected to out-of-plane hor-
izontal bending can fail by two alternate modes: stepped failure along the
brick-mortar bond, or line failure cutting directly through the bricks [152].

Over a single masonry course, the ultimate moment capacity with respect
to stepped failure is obtained using Eq. E.1, where τu is the ultimate shear
bond stress of a bed joint, following from Eq. E.2.

Mh,u,stepped = τu ·kb · t 3
u (E.1)

τu = 1.6 fmt +0.9 fd (E.2)

In the equations above, fmt is the flexural tensile strength of masonry
(=0.85 N/mm² for post 1945 masonry according to NPR9998 [92]), tu is
the thickness of a brick unit, and kb is a dimensionless coefficient relating
the maximum shear stress in a rectangular section to the applied torsion
and is equal to 0.208 for square overlap [152]. It should be noted that
the presented analytical expressions are applicable specifically to single-leaf
stretcher bond masonry [152].

The moment capacity with respect to line failure is is calculated using Eq.
E.3, where hu is the height of a brick unit, fut is the flexural tensile strength
of the brick unit, υ is the Poisson’s ratio of the brick units (typically taken as
0.2), and fd is the vertical stress in the wall at its mid-height.

Mh,u,stepped = 1

2

[
( fut − v · fd ) ·hu

t 2
u

6

]
(E.3)
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E. FDM CFRP strip spacing

The moment capacity of the mixed failure mode over a single course
Mh,u,mi xed is taken as the lesser of equations E.1 and E.3 [152], that is:

Mh,u,mi xed = mi n(Mh,u,l i ne , Mh,u,stepped ) (E.4)

Once the horizontal bending capacity of the URM wall (Mh,u,mi xed ) is
determined, the upper limit for the strip spacing follows from Eq. E.5 [122],
where γw all is the specific mass density of the masonry wall per m² surface
area.

s <
√

8Mh,u,mi xed

ag ;d ·γw all · g
(E.5)

The limit FDM CFRP strip spacing s as a function of demand acceleration
ag ;d , is provided in Fig. E.1 for both γw all = 180 kg/m² (single leaf-masonry
wall) and γw all = 360 kg/m² (cavity wall with a present and connected
outer leaf) single-leaf stretcher bond masonry walls. The maximum strip
spacing was set as 1.5 m.

Figure E.1: Limit FDM CFRP strip spacing s (to prevent horizontal bending failure
between the strips) as a function of demand acceleration ag ;d .

Using Fig. E.1, the strip spacing must be selected before conducting
either a non-linear pushover (NLPO) analysis or a non-linear time history
(NLTH) analysis.
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Appendix F
Modelling the dynamic
one-way OOP response of
strengthened masonry walls

In order to study the dynamic behaviour of a reinforced masonry wall for
out-of-plane loading, the simplest oscillating model to be considered is the
singular degree of freedom (SDOF) system. Under the hypothesis of no slid-
ing, no bouncing effect and assuming both top and bottom supports moving
simultaneously, the generic SDOF equation of motion of vertically spanning
masonry wall subjected to out-of-plane loading is given by Eq. F.1, where
meq is the equivalent mass of the wall, c(t ) is the damping coefficient and
fbi (u, t ) is the bi-linear rigid restoring force relationship assuming a uni-
formly distributed lateral face load.

meq ü(t )+ c(t )u̇(t )+ fbi (u, t ) =−meq üg (t ) (F.1)

When a beam with a constant mass is schemed as a beam with a concen-
trated mass, the equivalent mass meq equals half the total mass of the beam.
The damping coefficient c(t ) was determined using the constant damping
ratio (CDR) damping model. This damping model acts on the instantaneous
secant frequency ω(t ) defined by the instantaneous secant stiffness Ksec (t ) of
the system (Eq. F.2), where the secant frequency ω(t ) follows from Eq. F.3.

c(t ) = 2 ·me f f ·ω(t ) ·ζs y s (F.2)

ω(t ) =
√

Ksec (t )

me f f
(F.3)
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F. Modelling the dynamic one-way OOP response of strengthened
masonry walls

Following the Dutch Practice NPR 9998 for earthquake resistant design
[92], the effective equivalent viscous damping ζs y s for a system follows from
F.4. It should be noted that the radiation damping was not included.

ζs y s = ζ0 +ζhy s (F.4)

The inherent damping ζ0 was estimated at 0.05, whereas the hysteretic
damping ζhy st was obtained from Fig. 4.25. The mean value for hysteretic
damping for the specimens retrofitted with FDM CFRP (axial load V = 4.8
kN), was determined at 0.036. It should be noted that ζhy st = 0.036 is a
conservative assumption for higher axial loads, as illustrated in Fig. 4.25.
The effective equivalent viscous damping ζs y s was set at 0.086.

A self-centering model with limited hysteretic energy dissipation capacity
(flag-shaped model, Fig. F.1), was used as hysteretic model to compute the
non-linear spring response fbi (u, t ). In Fig. F.1, K is the initial stiffness of the
system (Fy /uy ), uy is the yield displacement, Fy is the yield strength and α

the post-yield stiffness ratio, defined by the ratio of the post-yield stiffness to
the initial stiffness K . The post-yield stiffness ratio is determined using Eq.
F.5, and is dependent on the target history uhi s (t ), which is the maximum
reached displacement level until time t , as shown in Eq. F.6

α(u(t ),uhi s (t )) =



1 u(t ) < uy ,

fbi (uhi s (t ))−Fe
K (uhi s (t )−ue ) uy ≤ u(t ) < uhi s (t ),

fbi (u(t ))−Fe
K (u(t )−ue ) u(t ) ≥ uhi s (t )

(F.5)

uhi s (t ) =


uhi s (t −1) uhi s (t −1) ≥ u(t ),

u(t ) uhi s (t −1) < u(t )
(F.6)

An example of the non-linear spring response is provided with the blue
path with arrows in Fig. F.1. The spring is assumed to have a displacement
history until time t = t1, marked with an orange circle in Fig. F.1. Start-
ing from u(t1) = 0 the spring builds up a force of Fy until a displacement of
uy , with stiffness K . If the positive displacement is further increased, the
force increases with a stiffness of αK (following from Eq. F.5) until a dis-
placement level of u(t2). Further increasing the positive displacement from
this point on reduces the stiffness once again (following from Eq. F.5) since
the new displacement levels exceed the target history uhi s (orange circle in
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Fig. F.1). Additionally, a new value is continuously assigned to the target
history following Eq. F.6 between displacements u(t2) and u(t3), ending at
uhi s (t ) = u(t3). The non-linear spring follows the shape of the bounding en-
velope between u(t2) and u(t3). When the non-linear spring moves in the
opposite direction (u(t3)), the stiffness follows again from Eq. F.5 with the
updated target history (uhi s (t ) = u(t3)). This slope continues until the dis-
placement reaches the level uy , where the value for the post-yield stiffness
ratio α reduced to 1 following Eq. F.5.

The yield displacement of the hysteretic curve (uy ) was determined as
50% of the yield displacement of the bounding envelope (uy,be) when FDM
CFRP strips are considered in the calculation. When the FRCM layer is in
tension (influence of the FDM CFRP strips neglected) the yield displacement
of the hysteretic curve uy was to 0. Both yield displacements of the hys-
teretic curve were roughly estimated using the cyclic envelopes presented in
Chapters 4 and 5.

Figure F.1: Flag shaped hysteretic model for retrofitted walls, with the bounding en-
velope (solid grey line) loading - unloading paths (black lines) and a
highlighted example of the loading and unloading path until u(t3) (blue
lines) with a displacement history (orange circle).
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F. Modelling the dynamic one-way OOP response of strengthened
masonry walls

For URM walls with a ductile response, the hysteretic damping ζhy st was
taken as 0.05 as a conservative assumption for out-of-plane loaded walls
[92]. The effective equivalent viscous damping ζs y s for URM was set at
0.1. The hysteretic curve for URM was determined as the tri-linear force-
displacement behaviour as was presented in Appendix D.4. The hysteretic
model for URM did not include a displacement history, resulting in the same
loading and unloading paths for a given displacement.

F.1 Reference walls

A total of ten different walls with varying retrofit configurations (illustrated
in Fig. F.2) were analysed. The walls considered had a height hw , length lw ,
thickness tw and effective thickness of tw,e f f of 2,750 mm, 2,300 mm, 100
mm and 95 mm respectively. The masonry compression strength and Young’s
modulus were assumed at 10 N/mm2 and 6,000 N/mm2 respectively (post
1945 clay brick masonry as mentioned in in the Dutch Practice NPR 9998
for earthquake resistant design [92]). The mass density of a single leaf of
masonry was 180 kg/m², which was also applicable to the outer leaf of the
cavity wall if present and connected. Table F.1 provides overview of the
relevant parameters of the analysed walls.

In order to account for the strip spacing limit as presented in Appendix E,
two scenario’s were considered regarding the number of FDM CFRP strips.
For the first scenario, three ns CFRP strips were positioned at the center-
depth of the wall with a distance of 1,000 mm between the CFRP strips. As
for the second scenario, five ns CFRP strips were positioned at the center-
depth of the wall with a distance of 500 mm between the CFRP strips.

Figure F.2: Reference walls.
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F.2 Bounding envelopes

Table F.1: Properties of the reference walls

Parameter Symbol Value Unit
Length of the wall lw 2,750 mm
Height of the wall hw 2,300 mm
Effective thickness of the wall tw,e f f 95 mm
Mass density of the wall ρm 180 kg/m²
Mass density of the outer leaf of the cavity wall ρl ea f 180 kg/m²
(if presented and connected)
Compressive strength masonry fm 10 N/mm²
Young’s Modulus masonry Em 6,000 N/mm²
Degradation factor of masonry γm 1.5 −
Number of CFRP strips (scenario A) ns 3 −
Number of CFRP strips (scenario B) ns 5 −
Thickness FRCM layer (if applicable) tF RC M 15 mm
Mass density of the FRCM overlay ρF RC M 36 kg/m²
Cross sectional area CFRP mesh (if applicable) Amesh 101.2 mm²

F.2 Bounding envelopes

The bounding envelopes for the different retrofitting combinations and axial
loads were determined using the simplified engineering models presented in
Appendix D. For simple implementation in the hysteretic model, the bound-
ing envelope was bilinearized using the yield point (uy,be ,Fy,be) of the bound-
ing envelope and the ultimate displacement uu and corresponding force Fu ,
as shown in Fig. F.3.

Figure F.3: Bilinear bounding envelope for retrofitted walls.
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F. Modelling the dynamic one-way OOP response of strengthened
masonry walls

The bounding envelopes were determined for axial stress levels σV of
0.05, 0.10, 0.15 and 0.20 N/mm2, for URM (Fig. F.4), the FDM CFRP strip
retrofitted (Fig. F.5) and the FDM CFRP strip and single-sided FRCM overlay
combined retrofitted (Fig. F.6) walls. The relaxation path starting from the
ultimate displacement uu is provided with dashed black lines in Figures F.5
and F.6. For the analysis involving the single-sided FRCM overlay (Fig. F.6),
the positive and negative displacements correspond to the loading direction
where the FRCM layer is in tension and in compression respectively.

Figure F.4: Bounding envelopes for a URM wall conform Table F.1, for different axial
stress levels σV .

An overview of the relevant parameters of the hysteretic models of the
reference walls for different axial stress levels are given in Tables F.2, F.3 and
F.4 for URM, FDM CFRP strip retrofit and FDM CFRP strip with one-sided
FRCM overlay hybrid retrofit respectively.

Table F.2: Parameters for the hysteretic model of URM conform Table F.1, for four
different axial stress levels σV .

σV F1 K1 u1 u2 uu

(N/mm²) (kN) (kN/mm) (mm) (mm) (mm)
0.05 3.5 0.8 4.3 24.0 85.6
0.10 5.9 1.3 4.6 25.5 91.0
0.15 8.4 1.8 4.7 26.2 93.5
0.20 10.8 2.3 4.7 26.6 94.9
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F.2 Bounding envelopes

Figure F.5: Bounding envelopes for a masonry wall retrofitted with FDM CFRP strips
conform Table F.1, for different axial stress levels σV and number of FDM
CFRP strips (ns=3 , black; ns=5, grey). The relaxation path starting from
the ultimate displacement uu is provided with dashed lines.
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F. Modelling the dynamic one-way OOP response of strengthened
masonry walls

Figure F.6: Bounding envelopes for a masonry wall retrofitted with FDM CFRP strips
and single-sided FRCM overlay conform Table F.1, for different axial
stress levels σV and number of FDM CFRP strips (ns=3 , black; ns=5,
grey). The relaxation path starting from the ultimate displacement uu
is provided with dashed black lines. The positive and negative displace-
ments correspond to the loading direction where the single-sided FRCM
layer is in tension and in compression respectively.
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F.3 Numerical method

Table F.3: Parameters for the hysteretic model of three (ns = 3) FDM CFRP strips (and
optional one-sided FRCM overlay) retrofitted wall conform Table F.1, for
four different axial stress levels σV .

Retrofit σV Fy uy K Fy,be uy,be Fu uu

(N/mm²) (kN) (mm) (kN/mm) (kN) (mm) (kN) (mm)
FDM CFRP 0.05 2.6 3.6 0.7 5.2 7.2 11.6 184.1

0.10 4.0 3.3 1.2 7.9 6.6 7.7 188.7
0.15 5.3 3.1 1.7 10.6 6.3 3.5 193.6
0.20 6.6 3.1 2.2 13.2 6.1 0.0 186.8

FDM CFRP 0.05 3.7 4.9 0.8 7.5 9.8 17.9 77.1
FRCM 0.10 5.3 4.2 1.2 10.6 8.5 18.8 77.6
compr essi on 0.15 6.9 4.0 1.7 13.8 8.0 19.7 78.1

0.20 8.5 3.9 2.2 17.0 7.7 20.5 78.6
FRCM 0.05 0.0 0.0 4.5 24.0 5.3 53.0 74.3
tensi on 0.10 0.0 0.0 5.3 26.9 5.1 55.8 73.2

0.15 0.0 0.0 6.1 29.7 4.9 58.4 72.2
0.20 0.0 0.0 6.8 32.5 4.8 61.1 71.4

Table F.4: Parameters for the hysteretic model of five (ns = 5) FDM CFRP strips (and
optional one-sided FRCM overlay) retrofitted wall conform Table F.1, for
four different axial stress levels σV .

Retrofit σV Fy uy K Fy,be uy,be Fu uu

(N/mm²) (kN) (mm) (kN/mm) (kN) (mm) (kN) (mm)
FDM CFRP 0.05 2.9 4.1 0.7 5.9 8.2 17.8 227.7

0.10 4.2 3.5 1.2 8.4 7.0 12.11 234.8
0.15 5.6 3.3 1.7 11.1 6.6 5.8 242.4
0.20 6.9 3.2 2.2 13.7 6.4 0.0 240

FDM CFRP 0.05 5.0 6.5 0.8 9.9 13.0 28.2 79.8
FRCM 0.10 6.1 4.9 1.2 12.1 9.8 28.9 80.4
compr essi on 0.15 7.5 4.4 1.7 15.1 8.7 29.6 80.9

0.20 9.2 4.1 2.2 18.3 8.3 30.2 81.4

F.3 Numerical method

An analytical solution of the equation of motion for a single-degree of free-
dom system is usually not possible if the ground acceleration g̈ (t ) varies
arbitrarily with time or if the system is nonlinear. Such problems can be
tackled by numerical time-stepping methods for integration of differential
equations. The differential equation presented in F.1 was solved using the
Newmark ‘linear acceleration method’.
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WIJTE, S. N. M., TüRKMEN, Ö. S., VERMELTFOORT, A. T. AND MARTENS, D. R. W.
Analytical modelling of the out-of-plane behavior of CFRP and ductile adhesive rein-
forced clay brick masonry walls. In 13th Canadian Masonry Symposium (2017).
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TüRKMEN, Ö. S., DE VRIES, B. T., WIJTE, S. N. M. AND VERMELTFOORT, A.T.
Evaluation of the in-plane shear strength of a combined retrofit system for masonry
walls. In 10th International Masonry Conference, pp. 1953-1962 (2018)







Curriculum Vitae
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