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Summary 

Upgrading existing buildings to meet new functional requirements may require new open-

ings that can weaken the building’s structure, prompting a need for strengthening. Traditional 

strengthening solutions, such as creating a reinforced concrete or steel frame around the new 

opening, require intervention all the way to the building’s foundations and may impose long-

term restrictions on the structure’s use. Modern strengthening materials such as externally 

bonded composites could be used to minimize the user inconvenience caused by strengthening 

interventions, making it more attractive for building owners to extend a building’s service life. 

This thesis presents experimental and numerical analyses on fabric-reinforced cementitious 

matrix (FRCM) composites and their effectiveness for strengthening reinforced concrete load-

bearing walls with openings. The overall objective of the work was to facilitate the develop-

ment of practical, attractive, and robust strengthening and assessment methods to help manage 

the ever-increasing need to maintain the existing building stock in a socially and environmen-

tally responsible manner. 

The diversity of existing FRCM composites and the properties of the structural members 

that may need strengthening creates considerable variation in aspects of performance including 

bond behavior, tensile capacity, and expected failure mode. FRCM composites with different 

kinds of fiber reinforcement were studied experimentally by conducting single-lap direct shear 

tests, to evaluate their suitability as strengthening materials when bonded to concrete. In gen-

eral, the FRCM composites that proved most suitable for practical applications were those 

consisting of uncoated fabrics with fibers of high elastic modulus (e.g. carbon fibers) in which 

debonding occurs predominantly at the fiber-matrix. 

A novel non-contact measurement approach based on optical deformation measurements 

was developed to study the bond behavior of FRCM composites and applied to Carbon-

FRCM composites. The new approach has several advantages over established alternatives, 

including the ability to monitor the responses of individual bundles. Numerical models ideal-

izing FRCM composites as truss elements embedded in shell elements were created and used 

to determine local bond-slip parameters for the fiber-matrix interface. 

The effect of cutout openings on the structural behavior of concrete walls was investigated 

experimentally by loading to failure half-scale, precast reinforced concrete panels with and 

without openings. The tested specimens were two-way action panels to which an axial load 

with a small eccentricity was applied, so the tested panels were representative of wall panels in 

buildings. The experimental results were then used to validate a numerical modeling approach. 
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The effect of cutout openings on the global behavior of a building’s structure was investigated 

by performing a numerical analysis of a typical building with prefabricated and cast in place 

loadbearing walls, into which cutout openings of varying sizes were introduced. Numerical 

and experimental analyses indicated that the decreases in axial capacity caused by cutout open-

ings were proportional to the openings’ width. Moreover, numerical analyses of building struc-

tures indicated that the effects of openings on the building’s load carrying capacity are less 

severe than their effects in isolated panels because structures can redistribute forces through 

members adjacent to the damaged wall panel. 

Finally, the effectiveness of FRCM composites at restoring load-bearing capacity in walls 

with cutout openings was investigated experimentally. FRCM strengthening increased the ca-

pacity of walls with small door type openings to the point that they reached parity with the 

original solid wall. However, the capacity of the walls with large cutout openings was only 

partially restored. Numerical models of FRCM-strengthened walls with openings were devel-

oped using calibrated models of solid wall panels and data for FRCM composites with bond 

parameters determined from lap shear tests. Simulations performed using these models were 

then compared to experimental data for FRCM-strengthened panels with openings. The nu-

merical results agreed well with the experimental data on load-displacement responses, crack 

patterns, and strain distributions, validating the modeling strategy. A procedure based on a yield 

line theory for evaluating the ultimate capacity of axially loaded walls with cutout openings 

strengthened with FRCM composites was also proposed. The proposed approach provided 

predictions in good agreement with experimental results. 

 

Keywords: Strengthening, Fabric-reinforced cementitious matrix composites, Concrete walls, 

Openings, Axial load, Digital image correlation, Bond, Finite element analysis 

 



Sammanfattning (summary in Swedish) 

Uppgradering av befintliga byggnader för att uppfylla nya funktionskrav kan kräva nya öpp-

ningar som kan försvaga byggnadens bärförmåga vilket resulterar i ett förstärkningsbehov. 

Traditionella förstärkningslösningar, som till exempel en armerad betong- eller stål-ram runt 

den nya öppningen, kräver åtgärder som sträcker sig hela vägen ned till byggnadens grundlägg-

ning. Vilket i sin tur kan innebära långsiktiga restriktioner på nyttjandet av konstruktionen. 

Moderna förstärkningsmaterial, som till exempel externt bundna kompositer, kan användas för 

att minimera förstärkningsarbetets påverkan för brukarna av byggnaden. Vilket gör det mer 

attraktivt för fastighetsägare att förlänga byggnadens livslängd. 

Avhandlingen presenterar experimentella och numeriska analyser på kompositmaterial med 

textilstruktur och cementmatris (FRCM) samt deras förmåga att förstärka öppningar i bärande 

betongväggar. Arbetets övergripande mål var att underlätta utvecklingen av praktiska, effektiva 

och robusta förstärknings- och utvärderingsmetoder för att underlätta hanteringen av det 

ökande behovet av underhåll av det befintliga byggnadsbeståndet, på ett socialt och miljömäss-

igt ansvarsfullt sätt. 

Mångfalden av tillgängliga FRCM-kompositer och variationerna i egenskaperna hos de 

förstärkta konstruktionsdelarna skapar stora variationer i gällande vidhäftning, draghållfasthet 

och förväntad brottmod. FRCM-kompositer med olika typer av fibrer undersöktes experi-

mentellt genom att utföra drag-skjuvförsök, för att utvärdera deras lämplighet som ett vidhäf-

tande förstärkningsmaterial på betong. De FRCM-kompositer som visade sig vara mest lämp-

liga för praktiska tillämpningar var generellt de som bestod av obehandlade textiler med fibrer 

av hög elasticitetsmodul (t ex kolfiber) där vidhäftningsbrotten övervägande sker inom fiber-

matrisen. 

En ny mätningsmetod baserad på optiska deformationsmätningar utvecklades för att studera 

FRCM-kompositernas vidhäftningsbeteende och tillämpades sedan på kolfiber-FRCM-kom-

positer. Det nya tillvägagångssättet har flera fördelar gentemot etablerade alternativ, inklusive 

möjligheten att övervaka beteenden hos enskilda fiberknippen. Numeriska modeller som ide-

aliserar FRCM-kompositer som balkelement inbäddade i skalelement kopplade till ett betong-

block skapades och användes för att bestämma lokala deformationsparametrar för fibermatris-

gränssnittet. 

Öppningarnas påverkan på betongväggarnas beteende i konstruktioner undersöktes expe-

rimentellt genom att brottbelasta provkroppar, i skala 1:2, bestående av armerade betongväggar 

med och utan öppningar. De testade proverna belastades i två riktningar genom att en axiell 
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last applicerades med en viss excentricitet, vilket gör att försökskropparna representerar en 

byggnads bärandeväggar. De experimentella resultaten användes sedan för att validera nume-

riska modeller. Effekten av öppningarna på det globala beteendet hos en byggnadskonstruktion 

undersöktes genom att utföra numeriska analyser av en typisk byggnad med prefabricerade och 

platsgjutna lastbärande väggar, i vilka öppningar med varierande storlekar infördes. Numeriska 

och experimentella analyser visade att reduktionen i axiell kapacitet, orsakad av öppningarna, 

var proportionell mot öppningarnas bredd. Dessutom visade numeriska analyser av storskaliga 

byggnadskonstruktioner att öppningarnas påverkan på konstruktionens lastkapacitet är mindre 

allvarliga än motsvarande påverkan i enskilda och angränsande väggar, eftersom konstruktionen 

kan omfördela krafter till närliggande konstruktionselement.  

Slutligen undersöktes FRCM-kompositers förmåga, experimentellt, att återställa lastkapa-

citeten i väggar med öppningar. För väggar med mindre öppning återställde FRCM-förstärk-

ningen väggarnas lastkapacitet i paritet med den ursprungliga väggen. Medan lastkapaciteten 

återställdes endast delvis för väggarna med stora öppningar. Numeriska modeller av FRCM-

förstärkta väggar med öppningar utvecklades med hjälp av kalibrerade modeller av väggar utan 

öppningar och data för FRCM-kompositer med vidhäftningsparametrar som bestämdes genom 

dragskjuvprovning. Resultaten från simuleringarna utförda på dessa modeller jämfördes sedan 

med de experimentella resultaten för FRCM-förstärkta väggar med öppningar. De numeriska 

resultaten överensstämde väl med de experimentella resultaten i termer av last-deformation, 

sprickmönster och töjningsfördelningar, vilket validerar modelleringsstrategin. Ett dimension-

eringsförfarande, baserad på brottlinjeteori, för utvärdering av brottkapaciteten för axiellt be-

lastade väggar med öppningar förstärkta med FRCM-kompositer är föreslagen i avhandlingen. 

Det föreslagna tillvägagångssättet ger resultat med god överensstämmelse mot de experimentella 

resultaten. 
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Notations and symbols 

Roman letters 

A*
b Cross-sectional area of a fiber bundle [mm2] 

A*
b.eff Effective area fiber bundle in FRCM-concrete joints [mm2] 

Af Area of fiber reinforcement [mm2] 
b* Bundle width [mm] 
bf Bundle spacing [mm] 
c Neutral axis depth [mm] 
def Effective beam height [mm] 
df Effective depth of FRCM reinforcement [mm] 
df Effective depth of tensile fiber reinforcement [mm] 
ds Effective depth of tensile steel reinforcement [mm] 
e Load eccentricity [mm] 
e0 Initial axial load eccentricity  [mm] 
E0 Concrete initial elastic modulus [GPa] 
ea Additional eccentricity [mm] 
Ef Modulus of elasticity of fibers in FRCM composites [GPa] 
EFRCM Modulus of elasticity of FRCM composites [GPa] 
Em FRCM matrix modulus of elasticity [GPa] 
F, G Intensity distributions [-] 
fc Concrete cylinder compressive strength [MPa] 
f'c Compressive strength of concrete cubes [MPa] 
fc0 Onset of concrete model nonlinear behavior in compression [MPa] 
f'cc Confined concrete maximum strength [MPa] 
fck Characteristic compressive strength [MPa] 
fct Concrete tensile strength [MPa] 
feff Effective strength of FRCM fibers [MPa] 
ffv Effective fiber strength for shear strengthening [MPa] 
fl Confinement pressure [MPa] 
g, gi, gcr Global slip, global slip of bundle i, global slip at first crack [mm] 
Gf Specific fracture energy of concrete [N/m] 
H Wall height [mm] 
Heff Effective panel height [mm] 
k Effective length factor [-] 
ka Confinement efficiency [-] 
Kb Fiber bundle axial stiffness [GPa] 
kFRCM FRCM effectiveness factor [-] 
L Wall length parallel [mm] 

L0 
Chapter 5 – opening width 
Chapter 6 – pier width [mm] 

lc Bonded length [mm] 
leff Effective bond length [mm] 
M Bending moment [kN/m] 
mb Resistance moment along line [kNm/m] 
mc Membrane moment [kNm/m] 
mf Contribution of FRCM reinforcement to resistance moment [kNm/m] 
ms Contribution of steel reinforcement to resistance moment [kNm/m] 
mx, my Moment capacities parallel to x and y directions, respectively [kNm/m] 
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N Axial load [MN, kN] 

n 
Chapter 2 - Number of FRCM fabric layers 
Chapter 3 - Number of image subsets 
Chapter 6 – Number of key parameters 

[-] 

nb Number of bundles in a lap-shear joint [-] 
Nu Predicted ultimate axial capacity [MN] 
nux, nuy Compressive force parallel to x and y directions, respectively [kNm/m] 
P, Pmax, Pcr, Applied load, Maximum applied load, applied load at first crack [kN, MN] 
rclim Minimum concrete compressive strength reduction factor [-] 
RFRCM Capacity of FRCM strengthened specimen [-] 
Rref Capacity of unstrengthened specimen [-] 
s Length of yield line [mm] 
t Wall thickness [mm] 
t* Bundle thickness [mm] 
tf Equivalent thickness of fiber reinforcement [mm/mm] 
tFRCM Thickness of FRCM composite [mm] 
ts Equivalent thickness of steel reinforcement [mm/mm] 
Vc Contribution of concrete to the shear capacity [kN] 
Vf Contribution of FRCM strengthening to the shear capacity [kN] 
Vn Shear capacity of strengthened members [kN] 
Vs Contribution of steel reinforcement to the shear capacity [kN] 
wc Crack openings [mm] 
wd Concrete model critical compressive displacement  [mm] 
WE External work [kJ] 
WI Internal work [kJ] 
x, y, z Coordinates in the X, Y, Z coordinate system [mm] 

 

Greek letter 

p*
b FRCM bundle cross-sectional perimeter [mm] 

s, smax, sf Local slip, local slip associate to  [mm] 
, ,  angles indicated in figures [°] 
m Volume faction ratio [-] 

Chapter 2 – angle indicated in figures 
Chapter 5 – aspect ratio coefficient 

[°] 
[-] 

 Out-of-plane displacement [mm] 
c Concrete strain [-] 
cp Compressive plastic strain of concrete [-] 
cu Ultimate compressive strength [-] 
f Fiber strain [-] 
fd Design fiber tensile strain [-] 
fe Effective fiber tensile strain [-] 
fu Ultimate fiber tensile strain [-] 
fv Effective fiber stress for shear strengthening [MPa] 
p Fiber strain corresponding to p [-] 

 Concrete strength reduction factor due to brittleness [-] 
 Concrete strength reduction factor due to transversal cracking [-] 
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 Concrete strength reduction factor [-] 
f Fiber reinforcement ratio [-] 
 Stress [MPa] 
p Average fiber stress calculated from P [MPa] 
(s) Bond-slip law [-] 

 
Bond shear stress, maximum bond shear stress, bond shear stress 
associated to friction 

[MPa] 

 Axil strength ratio [-] 
v Strength reduction factor for shear [-] 

 

Abbreviations 

2D Two-dimensional 
2M and 5M 2 and 5 Megapixels, respectively, refers to the resolution of camera sensor  
3D Three-dimensional 
ACI American Concrete Institute 
AsBuilt Building model without cutout openings 
BP Bay pushdown method 
C Carbon 
CC Concentric compression 
CCD Charged coupled device, refers to the type of camera sensor 
COV Coefficient of variation 
D12 Wall panel situated along axis D, between orthogonal axes 1 and 2 
DC Diagonal compression 
DIC Digital image correlation 
EC Eurocode 
EC Eccentric compression 
EU European Union 
FE Finite element 
FEA Finite element analysis 
FEM Finite element method 
FRCM Fabric-reinforced cementitious matrix composite 
FRG Fiber reinforced grout 
FRIP Fiber reinforced inorganic polymer 
FRP Fiber-reinforced polymers 
ICS Image correlation system 
IP-S+C In-plane shear with compression 
LO Wall panel with large opening 
LVDT Linear variable displacement transducer 
MBC Mineral based composites 
OPB+C Out-of-plane bending with compression 
OPB+S Out-of-plane bending with self-weight 
OW One-way 
Oxy Building with opening x and y at the first and second story, respectively. 
PBO Polyparaphenylene benzobisoxazole 
PET Polyethylene terephthalate 
PP Polypropylene 
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PT Point tracking 
RC Reinforced concrete 
RMS Room mean square  
SG Uniaxial electrical strain gage 
SO Wall panel with small opening 
SRG Steel reinforced grout 
SW Solid wall panel 
TRC Textile reinforced concrete 
TRM Textile reinforced mortar 
TW Two-way 
VDT Virtual displacement transducer 
VSG Virtual strain gage 
ZNSSD Zero-mean normalized square differences 

 



 





Chapter 1 

1 Introduction 

“All construction takes place with the focus on people’s needs for quality of life, good 

health, and economizing with resources.”...”New buildings are now adaptable for people’s 

changing needs and for different purposes.” – Vision for Sweden 2025 (Boverket 2014)  

1.1 Background 

Residential buildings account for the majority of the floor space in the EU (75% of the 

building stock), of which on average 36% is associated with apartment blocks. Countries such 

as Austria, Bulgaria, Czech Republic, Germany, Lithuania, Poland, Sweden, and Switzerland 

have more even distributions of floor space between single-family houses and apartments, but 

apartments account for the lion’s share of residential floor space in countries such as Estonia, 

Latvia, and Spain (BPIE 2011). 

 
Figure 1-1. Typical multi-story residential buildings having RC structural wall systems, built 
in Sweden between 1930 and 1980, adapted from (Björk et al. 1983) 
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Much of the multi-story residential building stock in Sweden consists of so-called 

“Punkthus” and “Skivhus”, or tower and lamellar blocks (see Figure 1-1), that were con-

structed between 1960 and 1980 (Björk et al. 1983). The construction of lamellar blocks began 

in the 1930s, with most being built between 1946 and 1975; over 220.000 units with at least 

5 stories were constructed during this period. Tower blocks have been built since the 1940s, 

particularly in the 50s and 60s, when over 80.000 units of 8-10 stories were constructed. 

The Swedish National Board of Housing, Building, and Planning recently established a set 

of national goals for Sweden’s housing stock in 2025 in a document titled “Vision for Sweden 

2025” (Boverket 2014). The document highlights the importance of upgrading the existing 

building stock, saying: “The apartment blocks from the Million Program (housing program 

implemented by the Social Democratic government 1965–1974) are renovated and energy 

efficient. The home environment is adapted to people’s needs for quality of life while different 

services and workplaces are nearby.” 

Based on analyses of energy performance data for 16 countries that collectively account for 

66% of the EU’s total floor area, a recent report produced by the Buildings Performance Insti-

tute Europe (BPIE 2017) suggests that 97% of buildings in the EU will have to be upgraded to 

satisfy societal requirements for living comfort and energy efficiency. Furthermore, studies have 

shown that in the current social and economic climate, upgrading or retrofitting of existing 

buildings usually results in shorter service interruptions and lower life-cycle costs than replace-

ment with new structures, and should therefore be preferred (Ferreira et al. 2015; Assefa and 

Ambler 2017). Upgrading and retrofitting is thus more sustainable than demolishing and re-

building. 

Upgrading existing buildings does not just reduce energy consumption (and thus energy 

bills) – it can also improve the building’s aesthetics, increases its value as an asset, and improve 

the occupants’ living conditions. A recent analysis (ECORYS 2014) predicted that the total 

dwelling floor area in the EU will increase between now and 2030 in response to population 

growth and increased demands for space per capita. The same report shows that new residences 

are around 20 m2 larger than the average for the existing building stock, indicating a need to 

increase the usable floor area of dwellings in existing buildings to make the existing building 

stock more desirable. The usable area of a dwelling in an existing building can be increased by 

joining two adjacent dwellings through openings created in existing solid walls, or by enlarging 

existing openings between adjacent spaces and increase their flexibility. 
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Moreover, upgrading existing buildings to meet new functional requirements often neces-

sitates creating new openings for doors, windows, or heating and ventilation systems in existing 

structural elements such as reinforced concrete (RC) walls and slabs. New openings in elements 

that were designed without allowances for openings are termed cutout openings. 

In general, RC walls are typically designed to resist in-plane lateral forces (e.g. due to seis-

mic action), axial compression (e.g. due to gravitational loads), and out-of-plane loads (e.g. 

wind, water, or earth pressure). In seismic regions, RC walls are mainly designed to resist lateral 

loads due to ground acceleration and to limit the structure’s lateral displacement during earth-

quakes. Walls designed to resist in-plane seismic forces are referred to as shear walls. Most 

studies on the effect and strengthening of cutout openings in walls have focused on shear walls 

(Ali and Wight 1991; Taylor et al. 1998; Wang et al. 2012; Mosoarca 2014; Todut et al. 2014; 

Mosallam and Nasr 2016) 

In non-seismic areas, the external underwater/underground walls of typical buildings are 

subject to water or earth pressure, and it is usually impractical to create new openings in such 

walls. Conversely, external walls situated above the ground level are subject to out-of-plane 

loading due to wind action. However, wind loading is rarely dominant because of the relatively 

small distance (i.e. the typical 2.5 – 3 m floor-to-floor height of residential buildings) between 

the supports of wall panels. Both external and internal walls are mainly subject to gravitational 

loads (self-weight together with permanent and live loads transmitted by adjacent members 

such as slabs, beams, columns and walls). Deformations induced by out-of-plane loads amplify 

the axial load’s initial eccentricity. Additional sources of initial load eccentricity arise from the 

element’s deviation from verticality and initial curvature. 

Walls designed primarily to withstand axial loads are termed loadbearing walls. The behav-

ior of loadbearing walls has received much less attention than that of shear walls (Popescu et 

al. 2015). Loadbearing wall panels are classified as one-way (OW) or two-way (TW), depend-

ing on their boundary conditions (Saheb and Desayi 1990b; a; Popescu 2017). OW panels are 

restrained along their top and bottom edges (like one-way slabs), and exhibit uniaxial out-of-

plane curvature in the direction of the axial load. TW panels have lateral restraints in addition 

to restraints along their top and bottom edges, resulting in an additional curvature in the di-

rection perpendicular to the applied load. A recent literature review (Popescu et al. 2015) noted 

that the effect of cutout openings in RC panels acting as compression members has rarely been 

investigated. Moreover, the few studies that have addressed this issue focused mainly on OW 

action panels rather than TW action panels. 
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The few published studies on TW action panels (Saheb and Desayi 1990b; Fragomeni et 

al. 2012; Lima et al. 2014) suggest that cutout openings substantially reduce the load bearing 

capacity of solid RC panels and thus weaken existing structures, creating uncertainty about the 

building’s safety and necessitating strengthening. However, these studies only examined the 

behavior of isolated panels rather than the global behavior of structures featuring RC wall 

panels. 

Traditional strengthening methods for structural walls with cutout openings involve con-

crete jacketing or creating a RC or steel frame around the opening. These methods usually 

require modifications of the building’s infrastructure to extend existing foundations, can sig-

nificantly increase the building’s structural mass, and typically require long construction times. 

Studies on shear walls have evaluated the performance of modern solutions for structural 

strengthening of RC walls with cutout openings using externally bonded fiber reinforced pol-

ymer (FRP) composites (Demeter 2011; Behfarnia et al. 2012; Dan 2012; Altin et al. 2013; Le 

Nguyen et al. 2014; Bui et al. 2015; Todut et al. 2015), and there have also been a few similar 

studies on loadbearing walls (Mohammed et al. 2013; Popescu et al. 2017a). However, the use 

FRP composites with organic matrices have some drawbacks: they cannot be applied to wet 

surfaces, offer little fire resistance, and may present toxic hazards during installation. Conse-

quently, recent research efforts have focused on fabric-reinforced cementitious matrix (FRCM) 

composites. FRCM composites are materials consisting of a cementitious matrix reinforced 

with fabrics in the form of open meshes that form a FRCM system when adhered to concrete 

or masonry structural members (ACI 549.4R 2013). FRCM composites are similar to FRP 

composites but the polymeric (organic) resins of the latter are replaced by a cementitious (in-

organic) matrix in the latter, with the reinforcing fibers being arranged in open meshes. 

Several publications have presented cementitious matrices (also known as mortars) as sus-

tainable and durable alternatives to epoxy for bonding reinforcing materials to existing RC 

members. For example, the strengthening effects of externally bonded FRCM composites have 

mainly been studied on RC beams and slabs in flexure (D’Ambrisi and Focacci 2011; 

Elsanadedy et al. 2013; Sneed et al. 2016; Koutas Lampros and Bournas Dionysios 2017), RC 

beams in shear (Triantafillou and Papanicolaou 2005; Triantafillou and Papanicolaou 2006; 

Blanksvärd 2009; Blanksvärd et al. 2009; Tetta et al. 2015; Gonzalez-Libreros et al. 2016; Tetta 

et al. 2018) and confined RC columns (Triantafillou et al. 2006; Colajanni et al. 2014; Ombres 

and Verre 2015). The results of recent studies on such elements have been reviewed by various 

groups (Gonzalez-Libreros et al. 2017; Bencardino et al. 2018; Gonzalez-Libreros et al. 2018; 
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Koutas et al. 2018). There have been comparatively few studies on FRCM strengthening of 

structural walls, most of which have focused on masonry panels. 

This study primarily deals with RC multi-story buildings in areas with low seismic risk that 

have loadbearing walls in which the gravitational load governs the design. The study focuses 

on the use of FRCM composites to strengthen axially loaded RC walls with cutout openings. 

Specifically, the behavior of FRCM composites bonded to concrete, the implications of cutout 

openings in loadbearing walls, and the behavior of FRCM-strengthened RC loadbearing walls 

with openings are analyzed and discussed. 

1.2 Hypothesis, aim, and research questions 

Aim: Identify optimal methods for strengthening RC walls with openings using 

FRCM composites. 

Hypothesis: FRCM composites can effectively strengthen RC walls with cutout openings. 

Research questions: 

1. Are FRCM composites effective strengthening solutions for axially loaded walls? 

2. How can the bond properties of FRCM composites be characterized? 

3. What are the effects of cutout openings in RC walls? 

4. Can FRCM composites effectively strengthen loadbearing walls with openings? 

5. Is it possible to use the yield line theory to predict the capacity of FRCM strengthened 

walls with openings? 

Objectives: 

a) Review previously reported research on FRCM strengthening of wall panels; 

b) Perform experimental and numerical analyses to characterize the behavior of FRCM 
composites bonded to concrete; 

c) Perform experimental and numerical analyses to identify the effect of cutout openings 
in loadbearing walls; 

d) Perform experimental tests and numerical simulations to evaluate the structural re-
sponses of FRCM strengthened loadbearing walls with openings; 

e) Derive analytical equations for estimating the capacity of axially loaded walls strength-
ened with FRCM composites. 

1.3 Scientific approach 

A methodical approach was adopted to achieve the objectives outlined above. The research 

process started with a review of the literature on the strengthening of structural walls with 
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FRCM composites. This review revealed a lack of studies on FRCM strengthening of load-

bearing concrete walls, an absence of widely accepted methods for determining the mechanical 

and bond properties of FRCM composites, and a lack of recommendations on the fiber types 

most suitable for strengthening concrete walls. Consequently, an experimental campaign was 

conducted to characterize the behavior of FRCM composites incorporating carbon, glass, and 

basalt fabrics when bonded to concrete. Moreover, experimental results reported in the litera-

ture indicated a large variability in the response of FRCM composites. Therefore, a novel non-

contact optical deformation measurement method was proposed and used to determine the 

load-slip response of FRCM-concrete joints. An approach for obtaining the local bond stress-

slip parameters of carbon-FRCM composites from the proposed non-contact measurement 

method together with factorial designs and numerical simulations was implemented and dis-

cussed. 

Experimental tests on walls with and without cutout openings were performed to quantify 

the effect of the cutout openings on the RC walls’ capacity. RC walls supported on all sides 

exhibited intricate crack patterns, sudden failure modes, and vertical and horizontal curvature. 

Together with their relatively large size, these factors make it difficult to quantify the behavior 

of such panels using sensors that provide only local measurements. Optical deformation-mon-

itoring systems were therefore used to capture the behavior of RC walls loaded to failure, 

providing insight into their behavior and failure progression. These measurements were then 

used to validate an approach for the numerical modelling loadbearing walls with openings. The 

effects of cutout openings in loadbearing RC walls of a RC building were then investigated 

using numerical simulations. 

A strengthening solution using two FRCM systems was proposed, and its effectiveness was 

evaluated experimentally. A numerical approach for modeling FRCM-strengthened loadbear-

ing walls was proposed and evaluated by comparison to experimental results. Analytical equa-

tions for predicting the capacity of FRCM-strengthened loadbearing walls with openings based 

on yield line theory were derived and compared to experimental results. 

1.4 Limitations 

The literature study considered only articles published in scientific journals indexed in in-

ternational databases such as Scopus, Web of Science, and Google Scholar. Research publica-

tions not indexed in these databases may therefore have been unintentionally overlooked. 

Only commercially available FRCM composites were tested and used for strengthening. 

Possible issues related to the durability of uncoated fibers in cementitious matrices were outside 
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the scope of this study, hence were overlooked. The limited range of tested specimens and the 

short-term nature of the test method can both be regarded as limitations, as can other aspects 

of the experimental tests such as the size of the wall panels, the boundary conditions, the degree 

of eccentricity, and the short-term nature of the loading procedure, which was necessitated by 

practical and financial considerations.  

Numerical analyses were performed based on nominal geometrical properties and deter-

ministic mean strength values. Concrete parameters such as tensile strength, fracture energy, 

and ultimate compressive strains, were derived from the concrete’s mean compressive strength. 

This general approach may be limiting because structural responses also depend on imperfec-

tions in structural elements and the effects of degradation and ageing, which are specific to 

individual structures.  
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1.5 Outline of thesis 

This is a compilation thesis based on six printed or reprinted scientific articles, which are 

referred to as Papers I-VI. The contents of these articles and the author’s contribution are 

briefly summarized in the following section. The thesis also contains additional discussions and 

analysis of the results presented in the papers. The work is presented in 7 chapters whose con-

tents are briefly described below: 

  Key papers 

Chapter 1 Introduction  

 Introduces the background of the research topic and the study’s aims, 

research questions, methodology, and limitations. 
 

 

Chapter 2 Literature review 

Paper I  Summarizes the state of the art in research on strengthening structural 

wall panels with FRCM composites. 
 

Chapter 3 Optical deformation measurement methods  

 Summarizes the operating principles, advantages, and limitations of 

optical deformation measurement systems. 
 

 

Chapter 4 Bond behavior of FRCM – concrete joints 
Paper II 

Paper III 
 Summarizes the results of experimental tests and numerical analyses 

on FRCM-concrete joints. 
 

Chapter 5 Behavior of concrete walls with cutout openings 
Paper IV 

Paper V 
 Summarizes the results of experimental tests and numerical analyses 

of RC walls having cutout openings. 
 

Chapter 6 FRCM strengthened walls with openings 

Paper VI 
 Summarizes the results of experimental tests and numerical analyses 

FRCM strengthened RC walls with cutout openings, and introduces 

the analytical model. 
 

Chapter 7 Conclusions and discussions  

 Presents conclusions relating to the main objective of this research 

and discusses future research possibilities. 
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1.6 Appended papers 

Paper I 

Sabau, C., Popescu, C., Sas, G., Blanksvärd, T., and Täljsten, B. (2018). "Review of 

FRCM strengthening solutions for structural wall panels." ACI Special Publication ACI SP - 

051. 

Paper I is a review article that summarizes the state of the art in research on strengthening 

structural wall panels with FRCM composites. 

My contributions were gathering reported experimental results and organizing the infor-

mation in a database. I also performed a statistical analysis, formulated the conclusions, and 

wrote the manuscript. 

Paper II 

Sabau, C., Gonzalez-Libreros, J. H., Sneed, L. H., Sas, G., Pellegrino, C. (2016). "Influ-

ence of fiber type on the bonding behavior of FRCM composite strips applied to concrete 

substrates." Proc. 8th International Conference on FRP Composites in Civil Engineering (CICE2016), 

Hong Kong, China. 

Paper II presents experimental results relating to the bond behavior of FRCM-concrete 

joints having carbon, basalt, and glass fibers.  

My contributions were conducting the experiments, analyzing the results, drawing conclu-

sion, and writing the manuscript. 

Paper III 

Sabau, C., Gonzalez-Libreros, J. H., Sneed, L. H., Sas, G., Pellegrino, C., and Täljsten, 

B. (2017). "Use of image correlation system to study the bond behavior of FRCM-concrete 

joints." Materials and Structures, 50(3), 172. 

Paper III presents experimental results on the bond behavior of Carbon-FRCM compo-

sites. A new approach for monitoring the strain and slip of fiber bundles in FRCM-concrete 

joint was proposed and evaluated by comparison to more established methods. 

My contributions were conducting the experiments including the optical deformation 

measurements, analyzing the results, drawing conclusions, and writing the manuscript. 
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Paper IV 

Popescu, C., Sas, G., Sabau, C., and Blanksvärd, T. (2016). "Effect of Cut-Out Openings 

on the Axial Strength of Concrete Walls." Journal of Structural Engineering, 142(11), 04016100. 

Paper IV presents the results of experimental tests on axially loaded concrete walls with and 

without cutout openings. The effect of the cutout openings on the walls’ axial strength is 

evaluated in term of serviceability, ultimate capacity, and failure mechanism. 

My contributions were performing the optical deformation measurements, analyzing the 

results, and writing the sections on Monitoring Failure Progression by 3D-DIC and Serviceability 

Considerations. 

Paper V 

Sabau, C., Popescu, C., Bagge, N., Blanksvärd, T., Sas, G., and Täljsten, B. (2018). "Im-

plications of cut-out openings in walls on the local and global behavior of RC buildings." 

Engineering Structures Submitted. 

Paper V presents the results of numerical simulations of a building having precast and cast 

in place reinforced concrete walls. The simulations collectively constitute a parametric study 

on how the size and location of cutout openings affect the serviceability and ultimate capacity 

of such buildings. 

My contributions were carrying out the numerical simulations, analyzing the results, draw-

ing conclusions, and writing the manuscript. 

Paper VI 

Sabau, C., Popescu, C., Sas, G., Blanksvärd, T., and Täljsten, B. (2018). "Axially loaded 

RC walls with openings strengthened with FRCM composites." Journal of Composites for Con-

struction, 22(6), 04018046. 

Paper VI presents an investigation into the effectiveness of FRCM composites in strength-

ening axially loaded reinforced concrete walls with openings. The effect of FRCM strength-

ening is evaluated in terms of capacity increase and failure mechanism. Existing design formulas 

for axially loaded walls were compared to experimental results. 

My contributions were conducting the experiments, analyzing their results, drawing con-

clusions, and writing the manuscript.  



Introduction 31 
 

1.7 Additional publications 

The author had the opportunity to collaborate with other researchers on other projects that 

were related directly or indirectly to the work presented in this thesis. These collaborations 

resulted in the journal and conference publications listed below. 

Journal Papers 

Sabau, C., Popescu, C., Sas, G., Schmidt, J. W., Blanksvärd, T., and Täljsten, B. (2018). 

"Strengthening of RC beams using bottom and side NSM reinforcement." Composites Part B: 

Engineering, 149, 82-91. 

Gonzalez-Libreros, J. H., Sabau, C., Sneed, L. H., Pellegrino, C., and Sas, G. (2017). 

"State of research on shear strengthening of RC beams with FRCM composites." Construction 

and Building Materials, 149, 444-458 

Gonzalez-Libreros, J., Sabau, C., Sneed, L. H., Pellegrino, C., and Sas, G. (2018). "Con-

finement of Concrete Elements with FRCM Composites: What do We Know so Far?" ACI 

Special Publication, in press. 

Conference Papers 

Sabau, C., Popescu, C., Sas, G., Blanksvärd, T., and Täljsten, B. "Monitoring structural 

behavior of reinforced concrete walls with openings using digital image correlation." Proc., 

19th IABSE Congress, International Association for Bridge and Structural Engineering (IABSE), 

Stockholm, Sweden, 2016. 

Sabau, C., Gonzalez-Libreros, J. H., and Täljsten, B. "Flexural behavior of textile rein-

forced concrete (TRC) slabs." Proc. of the 23th Symposium on Nordic Concrete Research & Devel-

opment. 

Popescu, C., Sas, G., Sabau, C., Blanksvärd, T., and Täljsten, B. "Experimental tests on 

RC walls with openings strengthened by FRP." Proc. of the The 12th International Symposium on 

Fiber Reinforced Polymers for Reinforced Concrete Structures (FRPRCS-12) and The 5th Asia-Pacific 

Conference on Fiber Reinforced Polymers in Structures (APFIS-2015). 

Gonzalez-Libreros, J. H., Sabau, C., Sneed, L. H., Pellegrino, C., and Sas, G. "Experi-

mental investigation of RC beams strengthened in shear with externally bonded composites." 

Proc. of the 8th International Conference on FRP Composites in Civil Engineering (CICE2016). 

Gonzalez-Libreros, J. H., Sabau, C., Sneed, L., Pellegrino, C., and Sas, G. "Effect of 

Confinement with FRCM Composites on Damaged Concrete Cylinders." Proc. of the 4th 

Strain-Hardening Cement-Based Composites. 
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Gonzalez-Libreros, J. H., Sabau, C., Sneed, L., Pellegrino, C., and Sas, G. "Shear 

strengthening of RC beams with FRCM: What do we know so far?", Proc. of the 8th Interna-

tional Conference on FRP Composites in Civil Engineering (CICE2016). 

Technical Reports 

Sabau, C., Popescu, C. Sas, G., Blanksvärd, T., and Täljsten, B. (2017). "FRCM strength-

ening of reinforced concrete walls with openings." European Network for Durable Reinforcement 

and Rehabilitation Solutions, Luleå University of Technology. 

Sabau, C., Popescu, C., Sas, G., Blanksvärd, T., and Täljsten, B. (2018). "Rehabiliterings-

metoder för håltagning i armerade betongväggar - SBUF 13246." Skanska Sverige AB. 



Chapter 2 

2 Literature review 

2.1 FRCM composites 

Fabric-reinforced cementitious matrix (FRCM) composites for strengthening existing 

structures have attracted academic interest for almost two decades (Triantafillou and 

Papanicolaou 2005). These materials use inorganic cement-based matrixes or mortars as more 

sustainable and durable alternative to the epoxy resins used in FRP composites. These matrixes 

are usually modified by the addition of fly ash, silica fume, polymers, and/or short fibers of low 

modulus that improve the strength, bond characteristics, durability, and ultimate deformation 

of the matrix (Orosz et al. 2010). The mortar matrix is reinforced with continuous fibers in 

the form of unidirectional or bidirectional open meshes to create the composite. It has been 

shown that externally-bonded FRCM composites can be used successfully in RC strengthen-

ing applications (e.g., flexure (Täljsten and Blanksvärd 2007; D'Ambrisi and Focacci 2011; 

Elsanadedy et al. 2013; Sneed et al. 2016), shear (Triantafillou and Papanicolaou 2006; 

Blanksvärd 2007; Blanksvärd et al. 2009; Al-Salloum et al. 2012), and confinement 

(Triantafillou et al. 2006; Ortlepp et al. 2009; Colajanni et al. 2014; Ombres 2014; Ombres 

and Verre 2015)). 

Composites of this type are known by many names, including mineral-based composites 

(MBC), textile reinforced mortar (TRM), and textile reinforced concrete (TRC). The term 

FRCM is used in this thesis based on the definition given in ACI 549.4R (2013). Types of 

fibers commonly used in FRCM composites are carbon, glass, steel, and polyparaphenylene 

benzobisoxazole (PBO) (Sneed et al. 2014). Other less commonly used fibers include natural 

flax fibers, aramid fibers, and fibers made from recyclable plastics such as polypropylene (PP) 

and polyethylene terephthalate (PET). 

The cementitious matrix serves to transfer tensile stresses between the reinforcing fibers 

(i.e. the fiber net) and the substrate, ensuring composite action between the FRCM and the 

strengthened member. This load transfer is achieved by bonding. Debonding failures are critical 

in strengthening applications because loss of composite action can trigger global member fail-

ure. Therefore, the bond-mediated transfer of force between the FRCM composite and the 

concrete must be understood to formulate appropriate design models. 
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The few published studies on the bond behavior of FRCM composites suggest that 

debonding usually occurs within the matrix as a progressive process at the matrix-fiber interface 

(D'Ambrisi et al. 2013b; D'Antino et al. 2014; Malena and de Felice 2014; Ascione et al. 2015; 

Alecci et al. 2016). However other failure modes have also been reported, including debonding 

with cohesive failure in the substrate (Tetta et al. 2015), debonding at the substrate-matrix 

interface (Täljsten and Blanksvärd 2007; Blanksvärd et al. 2009), debonding at the interface 

between adjacent matrix layers (Sneed et al. 2016), and fiber rupture (Ascione et al. 2015). 

Accordingly, the bond behavior of FRCM strengthening systems depends on both the bond 

between the embedded fiber bundles and the matrix, and the bond between the matrix and 

the concrete surface (Carloni et al. 2016). 

2.2 Previous tests on FRCM strengthened walls 

Externally bonded FRCM composites have primarily been studied as strengthening mate-

rials on beams or slabs subject to flexure or shear, and on cylinders or prisms subject to axial 

compression. Far fewer comprehensive studies on the performance of FRCM composites for 

strengthening other types of members such as structural walls have been carried out. 

A systematic method (Pickering and Byrne 2014) was used to identify all relevant studies 

reported in established peer-reviewed scientific journals. Manual searches for articles were per-

formed in three bibliographic databases (Scopus, Web of Science, and Google Scholar) using 

combinations of the following keywords: “FRCM”, “TRM”, “TRC”, “MBC”, “FRIP”, 

“SRG”, “FRG”, “fabric”, “textile”, “concrete”, “masonry”, “wall”, and “strengthening”. 

These searches returned 242 different publications, out of which twenty-six published articles 

relating to wall panels strengthened with FRCM were identified.  

A database was constructed that contains information on the constituent material and geo-

metrical characteristics of the panels tested in these studies, the method by which they were 

tested, the sizes of their openings (where applicable), and the countries in which the tests were 

conducted (assumed to be the same as the location of the corresponding author). This database, 

which is presented in Paper I, contains information on 162 tested specimens. 

The 26 articles reviewed in Paper I were selected by screening the 242 initial hits. The 

inclusion criteria were: (1) original experimental research published in English in a peer-re-

viewed journal, (2) experimental tests relevant to structural walls, (i.e. three- or four-point 

bending tests without axial loads were excluded, as were tests on RC frames with infill panels), 

and (3) experiments using FRCM-type composites for strengthening. 
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The phrase “testing method” here refers to the type of test used to determine the tested 

specimen’s flexural, shear, or axial capacity. The shear-capacity test methods were classified as 

either diagonal compression (DC) or in-plane shear with compression (IP-S+C) tests. Tests of 

the flexural capacity of walls subject to out-of-plane bending were classified as out-of-plane 

bending with compression (OPB+C) or out-of-plane bending compressed only by the speci-

men’s weight (OPB+S). For all tests in the IP-S+C and OPB+C categories, a hydraulic jack 

was used to apply a compression force concentrically at the top of the specimen. For IP-S+C 

tests, hydraulic actuators were used to apply the shear force through a loading beam at the top 

of the specimen. For OPB+C and OPB+S tests, airbags were used to apply a uniformly dis-

tributed lateral load perpendicular to the panel’s surface. The tests of axial capacity were clas-

sified as either concentric compression (CC) or eccentric compression (EC) tests depending on 

how the load was applied relative to the specimen’s cross-section. 

Figure 2-1 shows the classification of the entries in the database based on the testing meth-

ods that were used and the materials that were tested. Most of the included tests examined the 

shear behavior of walls (78.6%); far fewer examined walls subjected to the combined effects of 

out-of-plane bending and axial loads (23.8%). The remaining specimens (3.8%) were tested in 

concentric compression. 

Two different approaches were used to test walls subjected to out-of-plane bending and 

axial loads. Ismail and Ingham (2016) used airbags to apply transversal loads to FRCM-strength-

ened panels under constant axial load, while Bernat et al. (2013) and Cevallos et al. (2015) 

 
Figure 2-1. Distribution of tested specimens by test method and material (Paper I) 
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applied continuously increasing axial loads at a set eccentricity. However, all three of these 

studies focused exclusively on masonry OW panels. 

Moreover, the vast majority of the specimens tested in the included studies (98.7 %) were 

masonry; only two concrete walls were tested (1.2%), both using an in-plane shear setup. In 

addition, only 2.6% of the total tested specimens had openings, and all of these specimens were 

subjected only to in-plane shear (i.e. IP-S+C testing). This is consistent with the findings of 

an extensive review of the literature on concrete wall panels acting as compression members 

(Popescu et al. 2015), which concluded that few experimental tests have been conducted on 

concrete panels with openings, and the strengthening of RC walls with composites has been 

studied even less. 

The performance of FRCM strengthening was evaluated based on the ratio of the capacities 

of the strengthened and reference specimens (RFRCM and RREF, respectively). Depending on 

the tests performed in a given case, RFRCM and RREF may refer to flexural, shear, or axial ca-

pacity. 

Figure 2-2 shows how the RFRCM/RREF ratio varied as a function of the test method. The 

number of reported tests in each category is shown at the top of the figure, in absolute terms 

and as a proportion of the total number of relevant tests reported in the literature. The 

RFRCM/RREF varies between 0.8 and 7.73. Data for two IP-S+C tests on masonry panels 

(Papanicolaou et al. 2007), for which RFRCM/RREF was approximately 15, are not shown in the 

figure but were included in the analysis. 

 
Figure 2-2. RFRCM/RREF distributions for different testing methods (Paper I) 
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The RFRCM/RREF ratio for six IP-S+C tests and three CC tests was less than unity. In three 

IP-S+C tests and the three CC tests, the FRCM systems detached prematurely, which was 

attributed to large differences between the high modulus of elasticity of the FRCM matrix and 

the low modulus of elasticity of the wall material (Hracov et al. 2016; Prakash et al. 2016). The 

premature detachment of the FRCM weakened the panel (Hracov et al. 2016), making its 

capacity lower than that of the unstrengthened precursor. In the other three IP-S+C tests, the 

strengthening was applied to panels that were tested to failure before strengthening (Todut et 

al. 2015; Popa et al. 2016), so the capacity of the strengthened panels was similar to but slightly 

lower than that of the reference panel. Unfortunately, insufficient information was provided 

to calculate RFRCM/RREF ratios for the tests reported by Kolsch (1998). 

Figure 2-2 also shows that RFRCM/RREF ratios for elements tested in shear varied between 

0.96 and 18.6, with an average of about 2.65. Moreover, the DC and IP-S+C test methods 

yielded similar means and variations. The RFRCM/RREF ratio for panels subjected to out-of-

plane bending varied between 2.6 and 7.7. Comparatively few experimental tests have been 

performed in this configuration, but FRCM strengthening appeared to be very effective in 

these cases, increasing the bending capacity of the tested panels by a factor of 5.5 on average. 

For specimens tested using the CC and EC methods, the RFRCM/RREF ratio varied between 

0.8 and 2.4, with an average of approximately 1.5. 

Most of the tested specimens (67%) were masonry panels with a compressive strength below 

10 MPa. The other panels had compressive strengths of up to 25 MPa. FRCM strengthening 

appeared to be more effective for elements with low compressive strength (and to become less 

effective as the compressive strength increased) in specimens subjected to shear. However, for 

specimens subjected to bending and compression, the element’s compressive strength did not 

appear to affect the efficiency of FRCM strengthening. More tests on concrete and masonry 

panels with compressive strengths above 15 MPa are needed to confirm this trend. 

Of the tested panels, 35% were strengthened with glass fibers, 25% with carbon fibers, and 

16% with stainless steel wires. Comparatively few tests were performed using other types of 

fibers. The highest average strength increment was observed for specimens with glass and ara-

mid fibers subjected to bending, but carbon fibers appeared to be more effective than glass 

fibers for shear strengthening. Carbon and glass fibers appeared to show broadly similar perfor-

mance in strengthening axially loaded specimens. Panels strengthened with FRCM composites 

having steel wire meshes performed similarly to those strengthened with composites using glass 

fibers, but steel meshes have only been used in shear tests to date. Composites with PET, PP, 
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and basalt fibers achieved average strength increments between 1.1 and 1.4, which are lower 

than those for composites with glass fibers and steel wires, and substantially lower than those 

for composites with carbon fibers. Flax and PBO fibers have only been investigated for axially 

loaded specimens. The average strength increment for composites incorporating these fibers 

was slightly lower than those for glass and carbon fibers, but better than that for PP fibers. 

2.3 Design methods for FRCM strengthening 

ACI 549.4R (2013) and the accompanying guide (AC434 2011) are currently the only 

guidelines for designing FRCM structural strengthening systems. However, several other de-

sign methodologies have been proposed by researchers to guide the design of FRCM strength-

ening for elements under different loading conditions. This section briefly summarizes the de-

sign provisions of ACI 549.4R (2013) and recommendations made by other researchers. 

RC members in flexure are strengthened by bonding an FRCM composite to the mem-

ber’s tensile side. Section analysis is used to determine the deformations and stresses in the 

concrete, internal reinforcement, and FRCM composite. 

ACI 549.4R (2013) proposes that the effective tensile strain ( ) of the FRCM composite 

at failure under static loading should be limited to a design tensile strain ( ) of 0.012, as shown 

in Eq. (2-1). 

      (2-1) 

 is to be determined by direct tensile testing of FRCM coupons according to AC434 

(2011): 

      (2-2) 

where  is the ultimate tensile strain of the FRCM composite. 

The design stress of the FRCM composites ( ) is computed using the modulus of elasticity 

of the cracked FRCM composite ( ) using Eq. (2-3). 

    (2-3) 

Moreover, a limit of 50% capacity increase over the member’s capacity before strengthening 

is specified. 

For shear, the recommended design tensile strain in the FRCM composite is: 

      (2-4) 

Here, kFRCM is a bond reduction coefficient for which the recommended value is 0.4 

(AC434 2011). The design tensile strength of the FRCM composite is calculated as: 
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    (2-5) 

The nominal shear capacity of the strengthened member ( ) is then computed as the sum 

of the contributions of the concrete ( ), steel reinforcement ( ), and FRCM composite ( ): 

    (2-6) 

The shear contribution of the FRCM reinforcement is calculated as: 

    (2-7) 

Here, n is the number of fiber meshes, Af is the area of the fiber mesh, and df is the effective 

depth of the FRCM reinforcement (see Figure 2-3). 

Experimental tests on beams strengthened in shear with FRP and FRCM composites indi-

cated that the stress in the external reinforcement is not uniform (Carolin and Täljsten 2005; 

Blanksvärd et al. 2009; Sas 2011). Moreover, the externally bonded reinforcement only con-

tributes after a shear crack has formed (Blanksvärd et al. 2009). The effectiveness of U-wrapped 

or side-bonded reinforcement is reduced towards the top and bottom of the beam’s height due 

to the decrease in the reinforcement’s bonded length (lc) (Sas 2011). However, ACI 549.4R 

(2013) does not provide any specific recommendations for addressing these issues. 

Other researchers such as Triantafillou and Papanicolaou (2006) and Tzoura and 

Triantafillou (2014) have proposed design-oriented models for shear strengthening, which dif-

fer from the ACI approach in that the contribution of the FRCM reinforcement is calculated 

based on the fibers’ properties rather than those of the FRCM composite: 

    f ( )  (2-8) 

Here, f is the composite’s geometric reinforcement ratio, feff is the effective stress in the 

fibers across the shear crack, θ is the angle between the shear crack and the member’s axis, and 

β is the angle between the reinforcement and the members axis. It was suggested that feff could 

be approximated as: 

  f    (2-9) 

where  and  are the fibers’ ultimate strain and modulus of elasticity, respectively. Alterna-

tively, feff can be determined from direct or indirect lap shear tests on FRCM composites 

bonded to concrete. When designing shear strengthening using feff values obtained from direct 

lap-shear tests, the designer should be aware that the composite’s lc towards the ends of the 

shear crack might be less than the effective bond length (leff). In such cases, the estimated 

strengthening effectiveness should be reduced. A practical method of accounting for this effect 



40 Literature review 
 

for FRP shear strengthening (Täljsten et al. 2016) involves calculating the effective beam height 

def (see Figure 2-3) as:  

      (2-10) 

Gonzalez-Libreros et al. (2017) recently summarized the state of research on FRCM-

strengthened RC beams in shear. The analysis indicated that FRCM composites can increase 

the shear strength of RC beams by 55% on average, with values varying between 3% and 195% 

depending on parameters including the concrete’s compressive strength, the fiber type, and the 

strengthening configuration. Moreover, although it was noted that additional work is needed 

to improve the predictive capacity of existing design models, the model proposed by Tzoura 

and Triantafillou (2014) was found to behave more consistently than the ACI 549.4R (2013) 

model. In addition, the authors evaluated a number of other design-oriented models for 

FRCM shear strengthening. 

The axial strength and ductility of RC columns can be enhanced through confinement 

using FRCM jackets. According to ACI 549.4R (2013), the maximum confined concrete 

compressive strength ( ' ) is calculated as: 

 '   '   (2-11) 

Here, f’cc is the unconfined concrete strength, ka is a confinement efficiency factor that de-

pends on the shape of the confined cross-section, and  is the maximum confinement pressure 

for circular and rectangular cross-sections determined from the maximum effective stress of the 

FRCM composite: 

    
 (2-12) 

 
Figure 2-3. Geometry of T-shaped beams, adapted from (Täljsten et al. 2016) 
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    �  (2-13) 

here, b and h are the dimensions of a rectangular column and D is the diameter of a circular 

column as shown in Figure 2-4. 

Design-oriented models for predicting the strength of FRCM-confined concrete elements 

have been proposed by (Triantafillou et al. 2006; De Caso y Basalo et al. 2012; Trapko 2013; 

Colajanni et al. 2014) (see equations (2-14), (2-15), and (2-16), respectively). These models 

primarily differ from the ACI 549.4R (2013) model (see Eq. (2-11)) in that the confining 

pressure is based on the mechanical properties of the FRCM composite rather than the fibers’ 

mechanical properties. 

 '   ' � �  (2-14) 

 '   '  (2-15) 

 '   �    (2-16) 

Here,  is an effectiveness factor introduced to account for differences in effectiveness 

between FRP and FRCM, and  is the lateral confining stress of a circular column: 

    
 (2-17) 

where  is the equivalent thickness of the fibers, and  is the fibers’ ultimate stress. 

 
Figure 2-4. Cross-section of a confined concrete member showing the parameters used to 
calculate the maximum confinement pressure (Täljsten et al. 2016) 
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The accuracy of these models when predicting the increase in axial strength of cylindrical 

concrete specimens collected from the existing literature was recently evaluated by Gonzalez-

Libreros et al. (2018). It was concluded that the main drawback of the ACI 549.4R (2013) 

approach is the requirement to use ultimate stress values for the FRCM composite, which are 

not always reported and can vary greatly depending on the testing method. The other models 

are based on the fibers’ ultimate strength, which are usually reported by the manufacturers and 

so are readily available. The model proposed by Trapko (2013) outperformed the others in 

terms of conservatism and accuracy. Despite this, the capacity increases predicted by this model 

were on the unsafe side for more than half of the entries in the database. 

ACI 549.4R (2013), provides design indications for strengthening masonry wall panels with 

FRCM composites. Provisions are given for masonry panels subjected to both out-of-plane 

and in-plane loads. 

For masonry walls subjected to out-of-plane loads, FRCM composites can be bonded to 

the tensile face of the panel to increase the out-of-plane flexural strength by acting as additional 

tension reinforcement. The design strategy in such cases assumes that the panel behaves as a 

simply supported element. ACI 549.4R (2013) does not specify whether the influence of grav-

itational loads on the flexural capacity should be considered. The design of the FRCM 

strengthening in this case is similar to that of RC members in flexure. Section analysis is used 

to determine the deformations and stresses in the masonry, the internal reinforcement (if pre-

sent), and the FRCM composite. 

The effective tensile strain in the FRCM reinforcement should not exceed the threshold 

value of 0.012, which is also used for RC members strengthened in flexure. Moreover, the 

effective tensile stress level in the FRCM composite is determined using Eq. (2-3), as specified 

in AC434 (2011). 

FRCM composites can also be used to enhance the design shear strength in the plane of 

the wall by acting as shear reinforcement. In this case, it is recommended that FRCM strength-

ening be applied on both sides of the panels to avoid load eccentricities. The design tensile 

strain of the FRCM shear reinforcement is limited to the value used for shear strengthening of 

RC members (0.004), and is calculated using the following expression as specified by AC434 

(2011): 

      (2-18) 

and the design tensile strength is obtained as: 
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     (2-19) 

The nominal shear strength is obtained as the sum of the masonry and FRCM contribu-

tions, as in the case of RC members. However, the FRCM shear contribution is calculated as: 

      (2-20) 

here, Af represents the area of grid reinforcement effective in shear, and  is the length of the 

wall in the direction of the applied shear force. 

Some studies (Babaeidarabad et al. 2014a; Babaeidarabad et al. 2014b) compared results 

from experimental diagonal shear tests of FRCM strengthened masonry panels to calculations 

performed as specified by ACI 549.4R (2013) and concluded that this design procedure pro-

vides very conservative results due to provisions that limit the capacity increase provided by 

FRCM strengthening to 50% of that of the unstrengthened panel and also impose a strength 

reduction factor for shear (i.e. v=0.75). 

Faella et al. (2010) compared experimental results from tests on FRCM-strengthened tuff 

masonry panels tested in shear to predictions generated using design guidelines for externally 

bonded FRPs and masonry, such as CNR-DT200 (2004) and EC 6 (2005) as well as the 

predictions of design-oriented models proposed by other researchers. It was concluded that 

calculations performed according to the design guidelines either underestimated (CNR-

DT200 2004) or greatly overestimated (EC 6 2005) the experimental results. However, other 

models proposed for the design of FRP strengthening achieved better agreement with experi-

ment. Particularly good agreement was achieved with the model of Triantafillou and 

Antonopoulos (2000), which uses an empirical equation that treats the effective strain in the 

composite as a function of the substrate’s properties rather than being based exclusively on the 

fibers’ ultimate strain. 

Only a few researchers have focused on the FRCM strengthening of panels subject to both 

axial loads and out-of-plane bending. Bernat et al. (2013) and Cevallos et al. (2015) investigated 

the performance of FRCM strengthened panels under eccentric loads. Bernat et al. (2013) 

proposed an analytical procedure based on cross-section analysis to determine the axial load 

(N) – bending moment (M) interaction curve in the event that the FRCM composite reached 

its ultimate strength and/or the masonry reached its compressive strength. 

For the hypothesis of FRCM failure, the masonry’s compressive deformation ( c) is obtained 

using Eq. (2-21) for a given value of the neutral axis depth, c, under the assumption of FRCM 

tensile failure. Assuming a linear stress-strain relationship to failure, the stress associated with  

should not exceed the masonry compressive strength (fc). Next, assuming perfect bond between 
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the fiber reinforcement and cementitious matrix, and between matrix and masonry, N and M 

are calculated using Eq. (2-22) and Eq. (2-23), respectively. 

    (2-21) 

      (2-22) 

     �   � (2-23) 

For the masonry failure hypothesis, the fiber strain ( ) at a given axial load N is obtained 

using Eq. (2-24) with the assumption that cu=0.0035. The calculated fiber strain should not 

exceed the ultimate strain of the fibers. The neutral axis depth (c) is obtained using Eq. (2-25), 

and M associated with N is obtained using Eq. (2-26). 

 � 	 � ·  �   (2-24) 

      (2-25) 
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This analytical procedure proposed by Bernat et al. (2013), requires several iterative calcu-

lations to determine the N-M interaction diagram, from which the axial capacity of the 

strengthened panel can be determined. Although computer programs can be developed to au-

tomatically perform iterative calculations, closed form equations are generally preferred by de-

sign engineers. Moreover, the analytical procedure proposed by Bernat et al. (2013) is only 

applicable to OW panels. 

 



Chapter 3 

3 Optical deformation measurement methods 

Digital photogrammetry is a non-contact measuring approach for identifying coordinates 

of points and patterns in images obtained using imaging sensors (i.e. digital cameras). It can be 

performed at multiple time points to monitor changes in a structure’s geometry (i.e. defor-

mation). Depending on the type of targets used, digital photogrammetry techniques may be 

classified as point tracking (PT), digital image correlation (DIC), or targetless approaches 

(Baqersad et al. 2016). 

The PT technique identifies the coordinates of discrete points using optical targets mounted 

to structures. The optical targets are found within each image using an ellipse-finding algo-

rithm. A subpixel edge localization algorithm is typically used to accurately determine the shape 

of the ellipse as the generalization of a circle (Canny 1986). The targets’ displacements are 

determined by tracking the optical targets at different points in time and comparing their co-

ordinates to the unloaded reference stage (Baqersad et al. 2016). Further, by tracking the rela-

tive displacement between targets, the deformation of the test structure can be determined. 

Figure 3-1 shows how targets placed on fiber bundles of FRCM composites (left) are identified 

using an edge localization algorithm (center) and how virtual strain gauges are defined to de-

termine the strain in each individual bundle (right). A virtual strain gage (VSG) is a pair of 

points on the structure under investigation. If the two points are well chosen and the material 

is continuous between them, the structure’s deformation (or strain) can be estimated by meas-

uring the distance between them and comparing it to their initial distance (i.e. the reference 

length). The virtual strain gage thus fulfils the same function as a conventional electrical re-

sistance strain gage (SG). 

 
Figure 3-1. Example of the point tracking technique used to study FRCM composites 
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In the targetless approach, the measured object or structure is not enriched with additional 

targets or patterns. Instead, distinguishable image features such as edges or templates are iden-

tified and changes in their position are monitored over time. This approach is usually less ac-

curate than PT but is useful when targets cannot easily be installed on the structure of interest 

(Feng et al. 2015). 

DIC refers to a class of non-contacting methods in which image analysis is used to extract 

full-field shape, motion, or deformation measurements (Schreier et al. 2009). Measurement 

systems based on DIC are becoming increasingly popular in experimental structural engineer-

ing, as demonstrated by the recent publication of several reviews on the applications of digital 

image based monitoring (Jiang et al. 2008; Ye et al. 2016; Xu and Brownjohn 2017). DIC’s 

advantages lie in the simplicity of the required apparatus (which consists only of one or more 

imaging devices) and its flexibility  - the same analytical process can be applied to structures 

spanning a very wide range of scales (Pan et al. 2014). 

Depending on the size of the measured area and the imaging sensor used, the measurable 

strain fields range from a few tenths of a μm per meter to over 1 m/m (Yougun et al. 2012; 

Ghorbani et al. 2015; Saucedo-Mora 2017). However, in common engineering applications, 

DIC still has some important disadvantages compared to “traditional” electric strain gauges, 

which are by far the most widely used tools for measuring deformation. Notably, at low strain 

levels (on the order of the tensile strain of concrete or mortar before cracking), the measure-

ment uncertainty of DIC cannot be considered negligible; it is often an order of magnitude 

higher than that for traditional strain gauges. 

The operating principles of the DIC method are briefly outlined below. The operating 

principles of the PT and targetless approaches are very similar, and so are not discussed further. 

DIC works by analyzing gray-scale variation in a continuous pattern – typically, a high contrast 

stochastic pattern (speckle pattern). Subsets of an image are identified based on the stochastically 

distributed information within the image (i.e. light intensity values), and the multi-dimensional 

displacement of each subset is determined relative to its initial position. The individual dis-

placements of all subsets in an image constitute its displacement field. 

The speckle size and density are determined by the desired measurement resolution, which 

usually depends on the expected deformation gradients across the sample. Ideally, the area 

covered by black speckles should be equal to that covered by white speckles (Reu 2015). 

Speckle patterns can be created manually using markers, using rubber stamp, using spray paint 

and a stencil, by toner transfer (Mazzoleni et al. 2015), by hand-held inkjet printing, or by 
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spray paint (Figure 3-2). The method should be chosen based on the size of the area to be 

monitored and camera resolution. For example, if a 5M camera is used, spray painting may be 

appropriate: it produces “pixels” with diameters of up to 1 mm and can be easily applied to 

specimens measuring up to 500 by 500 mm. Larger specimens require larger speckle diameters. 

In such cases, markers can be used to speckle the monitored surface. However, this manual 

technique is cumbersome when applied to large surfaces, especially when many specimens must 

be tested. Rubber stamps and stencils, which can easily produce speckle sizes above 2 mm, can 

be used instead. However, based on the author’s experience, rubber stamps generally produce 

speckle patterns with lower contrast than those generated by other methods. The use of spray 

paint and a stencil results in much better contrast, but imperfect contact between the stencil 

and the specimen will result in overspray and the formation of paint drops that reduce the 

pattern’s quality. Large hand-held inkjet printers can be used to create speckle patterns quickly 

and with controlled quality on a large variety of surfaces, but the costs of this method are much 

higher than the others. 

As shown in Figure 3-3, user-defined size and step values (specified in pixels) are used to 

divide the image into a number of square subsets (also known as facets). The size and step 

parameters strongly affect the measurement resolution and accuracy (Hild and Roux 2006; 

 
Figure 3-2. Speckle patterns created using a) a whiteboard marker, manually, b) a rubber 
stamp roller, c) spray paint and stencil, d) a handheld inkjet printer, and e) spray paint 
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Passieux et al. 2015). In general, a subset size of 20 pixels and a step size of 10 pixels (corre-

sponding to 50% overlap) will yield a good accuracy and spatial resolution. Subset size and 

speckle pattern optimization are currently being investigated by several research groups 

(Lecompte et al. 2006; Reu 2014; Chen et al. 2015; Mazzoleni et al. 2015). 

To determine a subset’s displacement, one must match the subset in the deformed image 

or stage to its counterpart in the reference stage image. This matching process is known as 

temporal matching (see Figure 3-4). As the measured surface deforms, so does each facet. Facet 

deformation is accounted for using shape functions ξ(x,p) that transform pixel coordinates in 

the reference facet into coordinates in the deformed facet, where x  is the pixel location vector 

and p is the parameter vector of the shape function. For example the affine transformation: 

 ξ(x,p)= 
p0
p1

� + �1+p2 p3
p4 1+p5

 x (3-1) 

also known as a first-order polynomial transformation, is commonly used, although it generates 

relatively large errors for high deformation gradients. In such cases, higher order polynomial 

transformation have been shown to introduce fewer systematic errors when measuring dis-

placement fields, provided that the facets are of sufficient resolution (Xu et al. 2015). 

To facilitate subset matching, correlation functions are used to evaluate the degree of sim-

ilarity between the reference and deformed stages. Assuming a reference image characterized 

by 
∑

 and an image characterized by 
∑

 at a deformed stage, where  and  denote 

the intensity distributions of a given facet in the reference and deformed stages, respectively, 

one of the most robust correlation functions is the zero-mean normalized square-difference 

(ZNSSD) criterion: 

   � ��∑ � ���∑ ��� ��� � ∑ � ���∑ ��� 	 �  (3-2) 

 

 
Figure 3-3. Two image subsets or facets in a speckle pattern 
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here, 
∑ � ���∑ ���  and � ∑ � ���∑ ���  are the optimal estimators for offset and scale in lighting, respectively, 

with ��� � and � �. The criterion in Eq. (3-2) is bounded in the interval 0,1

Through an iterative process,  is maximized to determine the best match between facet 

G and F. 

The displacement and deformation of the subset in the deformed image that yield the best 

match to the reference image are identified by iteratively minimizing the difference between 

G and F (i.e. ). By performing this operation for each image subset, the deformation 

and displacement of the entire image is obtained in image coordinates. 

The deformations and displacements measured in pixels are transformed into physical meas-

urements by determining the physical size of each pixel in the image through calibration. Cal-

ibration thus involves determining the intrinsic camera parameters, i.e. the size (in mm2) of the 

area of the measured object corresponding to a single pixel in each image, after compensating 

for the image’s skew and distortion. The deformation of the measured surface can then be 

determined from the calculated deformation of the image. 

Images obtained from a single camera can be used to estimate the planar deformation of 

objects. This process is usually referred to as 2D DIC. For 3D measurements (“3D-DIC”), 

images must be simultaneously recorded using multiple cameras whose relative positions are 

fixed throughout the measurement process. 

For 3D-DIC, the calibration process determines the extrinsic properties of the camera 

setup, i.e. the relative distances and angles between the cameras. For a stereovision setup (i.e. 

 
 

Figure 3-4. (left) Stereo rig setup (Reu 2012b) and (right) stereo matching (Chen et al. 2018) 
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3D-DIC using two cameras), an additional subset matching step is needed to match subsets in 

the two images (see Figure 3-4). This process is known as stereo matching, and is performed 

using a procedure similar to that described above except that the search for the matching subset 

is simplified by a geometric constraint known as the epipolar constraint (see Figure 3-5). Es-

sentially, for a calibrated stereo setup, the point m’ in the right-hand image corresponding to 

point m in the left-hand image must lie on a line defined only by the extrinsic parameters of 

the stereo setup. 

Once the matching process has been completed and the deformations and displacement 

fields have been obtained, deformation maps, displacement fields, strains and displacements 

along a section of the measurement field, as well as local strains and displacements, can be 

displayed or exported. 

The steps and algorithms required to perform DIC have been incorporated into commercial 

software packages such as GOM Correlate or Aramis by GOM mbH (2018), VIC 2D and VIC 

3D by Correlated Solutions (2018), and StrainMaster by LaVision (2018), as well as open source 

software such as MOIRE by Wang and Nguyen (2017). These programs have graphical inter-

faces that guide the user through the process of recording calibration images, calibrating the 

mono or stereo image sensor, recording images, performing the DIC analysis, and displaying 

and exporting results. In essence, image analysis software implements a deformation measure-

ment method based on optical images and can thus be described as an optical deformation 

Figure 3-5. Epipolar geometry: the cameras’ optical centers C and C’, the 3D point M, and 
its images m and m’ all lie in a common plane. This plane intersects each image plane in an 
epipolar line (Schreier et al. 2009) 
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measurement method. Because DIC is the underlying process on which this method is based, 

a combination of one of these software packages with a calibrated camera setup is often referred 

to as an image correlation system (ICS) or a DIC system (not to be confused with the DIC 

method). 

The DIC analysis is typically performed “offline” after the test has finished, although on-

going improvements in camera and computer performance have enabled the live processing 

and display of computed results in some cases. However, this capability is mostly limited to the 

PT method, which is much less computationally intensive than DIC. When performing meas-

urements using commercial ICSs, the user’s responsibilities are to set up the stereo rig, choose 

and create a good speckle pattern on the sample, optimize the lighting, and calibrate the system 

using calibration objects provided by the manufacturer. 

There have been many studies on the application of optical measurement systems in struc-

tural engineering and experimental mechanics. This chapter presents concepts drawn from sev-

eral publications (Hild and Roux 2006; Avril et al. 2008; Bornert et al. 2009; Schreier et al. 

2009; Xiao et al. 2010; Reu 2012a; Motra et al. 2014; Ye et al. 2014; Sutton and Hild 2015; 

Baqersad et al. 2016; Ye et al. 2016; He et al. 2017; Feng and Feng 2018) and is not an ex-

haustive review of optical deformation measurement methods. Moreover, nothing presented 

here represents any kind of advancement in the field. However, this discussion should give the 

reader enough information to understand the results presented the rest of this thesis. 



Chapter 4 

4 Bond behavior of FRCM – concrete joints 

4.1 Introduction 

The literature study (Paper I) showed that there have been few studies on the FRCM 

strengthening of axially loaded members, and none on FRCM strengthened RC walls with 

openings. Despite this, many different FRCM composite systems with different reinforcing 

fibers and matrix compositions are already available on the market. Unfortunately, there is little 

guidance as to which composites are most suitable for strengthening RC walls with openings. 

Therefore, the influence of different fibers (basalt, carbon, and glass) on the strengthening per-

formance of FRCM composites was investigated by conducting a series of direct lap-shear tests. 

The bond behavior of FRP-concrete joints has been studied extensively using direct shear 

tests (Taljsten 1997; Subramaniam et al. 2007; Czaderski et al. 2010; Carrara et al. 2011; Grace 

et al. 2012; Hadigheh et al. 2015). Such tests are used to characterize the load response and 

failure mode of externally bonded reinforcements. Direct shear tests have also been used to 

study the bond between FRCM composites and concrete or masonry using both single-lap 

(Carloni et al. 2014; D'Antino et al. 2014; Sneed et al. 2014) and double-lap (D’Ambrisi et al. 

2013; Sneed et al. 2015) reinforcement configurations. 

It is commonly accepted that the bond properties evaluated in direct lap-shear tests are 

representative of cases in which the substrate has discontinuities (cracks) that are intersected by 

the fiber reinforcement, which bridges the crack (see Figure 4-1). If (i) we assume a perfect 

interaction between the matrix and the concrete, and (ii) enforce equilibrium of forces and 

 
Figure 4-1. Bond in the vicinity of a flexural crack 
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compatibility deformations along the length of the reinforcement, then the fiber and steel re-

inforcement will slip relative to matrix and to the substrate. These slips will be largest at the 

location of the crack and become smaller as the force in the fiber and steel reinforcement is 

transferred to the matrix and concrete substrate (via bond stresses). Consequently, debonding 

is initiated at the crack location. This is referred to as intermediate crack-debonding (Teng et 

al. 2006; D’Antino et al. 2015; Bencardino et al. 2018). Many studies have addressed the bond-

ing of steel reinforcement in concrete (Goto 1971; Ingraffea et al. 1984; Elfgren and Noghabai 

2001; Borosnyói and Balázs 2005; Carmo et al. 2015; Gribniak et al. 2017), so this topic is not 

discussed further. Instead, this chapter focuses on the bond between FRCM composites and 

concrete. 

Direct shear tests are relatively straightforward to perform. However, it can be difficult to 

interpret the results of a limited number of local contact measurements at pre-determined lo-

cations on FRCM composites because of complex issues such as matrix cracking (Colombo et 

al. 2013; Sneed et al. 2014; D'Antino et al. 2015), non-uniform load distribution among indi-

vidual fiber bundles (Carloni et al. 2014), and eccentricity between the applied load and the 

supports (D’Antino et al. 2016). Moreover, the choice of instrumentation can affect the accu-

racy of the results. Experimental tests on FRCM-concrete joints often produce considerable 

variation in the applied load (P) – global slip (g) response (Ascione et al. 2015), which may be 

related to one or more of the aforementioned factors. 

To aleviate this issue, a novel non-contact measurement approach based on optical defor-

mation measurements was developed and used to characterize FRCM composites. This chapter 

provides an overview of the new approach and presents selected results that were obtained 

using it; for further details, the reader is referred to Paper II and Paper III. 

4.2 Experimental tests 

4.2.1 Test specimens 

The tested composites consisted of balanced bidirectional nets of basalt, carbon, and glass 

fiber embedded in a cementitious mortar matrix. Key mechanical properties of these compo-

sites are available in Paper II. Composite strips were cast in place on the surface of the concrete 

prisms, with a bonded length of lc = 330 mm (see Figure 4-2a), which exceeds leff =200 mm 

reported in earlier publications (D'Ambrisi et al. 2013b; Malena and de Felice 2014). The fiber 

nets were embedded between two 4 mm thick mortar layers, resulting in a total composite 

thickness of about 8 mm. 
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4.2.2 Test setup 

A single-lap direct shear push-pull configuration was used in which the composite fibers 

were pulled while the concrete prism was restrained (see Figure 4-2). A 3D ICS (GOM mbH 

2018) system was used to monitor the tests. The ICS system consisted of two 5M CCD cameras 

equipped with 12 mm focal length lenses in a stereo setup calibrated for a 390 × 340 × 340 

mm (width × height × depth) measuring volume. 

The PT technique was used to evaluate the displacement and strain of the composite fiber 

bundles by means of virtual displacement transducers (VDTs) and virtual strain gages (VSGs). 

The optical targets used for this purpose were high contrast circular adhesive markers with 

 
Figure 4-2. Photographic (a) and schematic (b) and (c) depictions of the test setup showing 
the locations of LVDTs (D1 and D2), strain gages, point markers, and optical measurements 
(Paper III) 
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diameters of 1.5 mm. VDTs were defined and used to determine the global slip of individual 

longitudinal fiber bundles gi. VSGs were defined and used to measure strain in individual lon-

gitudinal fiber bundles. 

The DIC technique was used to evaluate the displacement and strain fields on the matrix 

surface. Spray paint was used to create a high contrast random speckle pattern. Measurements 

were performed using a 10-pixel facet size at a step of 10 pixels. The measurement accuracy of 

the ICS system was 0.037 pixels. This setup achieves a displacement accuracy of 0.006 mm for 

point tracking and a strain accuracy of 1000 μ  for DIC at the chosen measurement volume. 

For most specimens, g was measured using the PT methods. For some specimens (e.g. 

specimen C_28_2), g was also measured using two linear variable displacement transducers 

(LVDTs), D1 and D2 (Figure 4-2b). The rods of the LVDTs reacted against an aluminum L-

plate that was glued to the bare fiber net outside the bonded area, as shown in Figure 4-2 (a). 

This type of setup was reported in many previous experimental studies (D’Antino et al. 2014; 

Ascione et al. 2015; Carozzi et al. 2016; Tekieli et al. 2017; De Santis et al. 2018). 

Several specimens (including specimens C_28_2 and C_28_3) were instrumented with five 

uniaxial electrical strain gages designated names i,j, where the subscript i and j denote the fiber 

bundle and the location of the strain gage on the fiber bundle, respectively (see Figure 4-2). 

4.3 Experimental results  

4.3.1 General behavior 

Twenty-seven specimens were prepared and tested. The test variables were fiber type (car-

bon, glass, or basalt) and matrix age (3, 7, or 28 days). The peak load (Pmax), global slip at peak 

load (gPmax), the equivalent stress in the fiber bundles at peak load ( Pmax), the load at first crack 

formation in the composite Pcr and the corresponding global slip gPcr, and observed failure mode 

for all specimens are given in Paper II. 

All specimens with C-FRCM composites failed by debonding of the fiber bundles from 

the embedding matrix. This is the typical behavior observed for FRCM-concrete joints in 

which the FRCM composite consists of uncoated high-modulus fibers such as carbon or PBO 

fibers (D’Antino et al. 2014; Sneed et al. 2014). 

 

The normal stress P and strain P in the longitudinal fiber bundles associated with P are 

defined by Eqs. (4-1) and (4-2), respectively: 
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    (4-1) 

    (4-2) 

where nb is the number of longitudinal fiber bundles, A*
b is the fiber bundle cross-sectional area 

and Ef is the fibers modulus of elasticity. 

The load response of the B-FRCM-concrete joints was characterized by an initial linear 

response followed by a sudden decrease in P associated with an increase in g. These jumps were 

associated with crack formation and the delamination of the composite from the loaded end 

up to the location of the crack. Subsequently, P increased and additional cracks were observed 

up to the Pmax, at which point the specimens failed by complete delamination of the composite 

from the concrete substrate. 

The G-FRCM specimens exhibited initially linear behavior followed by a nonlinear branch 

as debonding occurred at the fiber-matrix interface. The applied load increased up to the peak 

load, at which point either fiber pullout or complete composite delamination from the substrate 

occurred. 

4.3.2 Load-global slip response 

The influence of curing time on the bond behavior of FRCM – concrete joints was studied 

using carbon FRCM composites. There were clear differences in peak load between tests car-

ried out after 3, 7, and 28 days’ curing (Figure 4-3). The average maximum load at 3 days was 

 
 

Figure 4-3. Applied load (P) - global slip (g) response of C-FRCM-concrete joints (Paper
II) 
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0.92 kN (51% of the 28-day average maximum load), that at 7 days was 1.29 kN (72% of the 

28 day average maximum load), and that at 28 days was 1.79 kN.  

Figure 4-4 shows the σP-g response for all specimens at 28 days determined using PT 

method. The highest maximum stress (837 MPa on average) was observed in B-FRCM spec-

imens, for which the corresponding average slip was approximately 3 mm. The stress deter-

mined for C-FRMC specimens (635 MPa on average) was lower than that for B-FRCM spec-

imens but higher than that for G-FRCM specimens (523 MPa on average). The maximum 

stress in the carbon fibers occurred at a slip of approximately 1 mm, while the slips at maximum 

stress for glass and basalt were approximately 3 mm and 4 mm, respectively. 

It should be noted that for all FRCM-composites the maximum average fiber stress (σPPmax) 

was well below the ultimate strength of individual fibers, thus fiber rupture was not observed 

in any of the tested specimens. 

4.3.3 C-FRCM longitudinal fiber strain profiles 

The axial strain distributions along the length of the central longitudinal fiber bundle of C-

FRCM composites under different applied loads are presented Figure 4-5. The strains meas-

ured outside the bonded length at the maximum load were 5680 με and 4870 με for specimens 

C_28_2 and C_28_3, respectively. 

 
 

Figure 4-4. Stress  – average global slip g response of carbon, basalt, and glass FRCM-
concrete joints at 28 days (Paper II) 
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Axial strains determined by ICS on the central fiber bundle of specimen C_28_3 outside 

the bonded region are also plotted in Figure 4-5b. These strains were measured at the same 

locations along the length of the fibers (denoted by coordinate y) and the same load levels as 

for the electrical strain gage measurements. The values determined by ICS were within 5% of 

those measured by electrical strain gages. 

The axial strain profiles of specimen C_28_2 (for which L-plates were used to measure g 

with the LVDTs) in Figure 4-5a indicate that the strain decreased along the bundle’s length 

between y = 277 mm and y = 377 mm at near-maximal loads. This was attributed to the 

attached L-plate, which affects the load distribution between the bundles by sharing the load 

between the bundles. Differences of 38% to 52% were observed between the values of maxi-

mum strain in fiber bundles obtained from the maximum applied load εPPmax and values meas-

ured on the fiber bundle. 

Strains in the longitudinal fiber bundles in FRCM composites have been shown to vary 

across the cross section of the bundle (Banholzer 2006). Because the matrix cannot fully pen-

etrate between the fibers of the bundle, the fibers in the outside sleeve are more heavily stressed 

than those in the core of the bundle. The bare fiber bundles outside the composite bonded 

area (from y = 330 mm to the clamped end) are expected to exhibit a similar stress distribution 

across the bundle’s cross section. 

If the assumption of constant strain in the outer layer of fibers of a bundle (Banholzer 2006) 

holds, then the strain measured using VSGs represents the strain in the outer layer (sleeve), and 

 

 
Figure 4-5. Strain profiles along the length of the central longitudinal fiber bundle at different 
applied load levels for specimens (a) C_28_2 and (b) C_28_3 (Paper III) 
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should thus be larger than the average strain in the fiber bundle. The good correlation between 

the strains measured outside the composite bonded region by ICS and the electrical strain gages 

in Figure 4-6 confirms the assumption that the strain measured with strain gages is indeed the 

strain in the outer sleeve fibers of the bundles. 

4.3.4 Load distribution between fiber bundles 

Figure 4-6 illustrates the nonuniform distribution of the applied load between the bundles 

based on the measured strain. Because similar observations have been reported previously 

(Carloni et al. 2014), it is assumed that the non-uniform load distribution results from differ-

ential impregnation of the matrix along the fiber bundles. In the case of specimen C_28_3, 

matrix cracking was not observed until later in the debonding process, which suggests that 

while cracking can influence the load distribution between the bundles, other factors such as 

differences in matrix impregnation, and effective fiber area, affect the load distribution between 

bundles even in the apparently elastic part of the response. 

4.4 Fiber-matrix interfacial bond stress-slip law 

A 3D-FE model was developed using the ATENA Studio software package (Cervenka 

Consulting 2018) and used to describe the bond behavior of C-FRCM–concrete joints (see 

Figure 4-7). Previous studies (D'Ambrisi et al. 2013a; Sneed et al. 2014) have suggested that 

FRCM-concrete joints do not exhibit the so-called width effect that is characteristic of FRP-

concrete joints. Consequently, the model features a single fiber bundle embedded in the mortar 

 
Figure 4-6. Strain at loaded end—global slip (for each bundle) of specimen C_28_3 (dashed 
lines indicate the value of global slip in each bundle at maximum load (Paper III) 
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matrix, which in turn is bonded to the concrete prism. The model is intended to account for 

the possibility of debonding at the matrix–fiber interface, as observed experimentally. 

4.4.1 FE model and characteristics 

The concrete block was modelled as a linear elastic. This approximation was considered 

acceptable because the concrete block’s deformation in these kinds of tests is generally negligi-

ble (Carloni et al. 2014) and no movement of the concrete block was recorded during the 

experiments. The cementitious matrix was modelled using a non-linear concrete material 

model (CC3DNonLinCemetitious) implemented using CCIsoShellBrick elements with four 

cross-sectional layers for a solid reference thickness of 8 mm. 

The concrete block was restrained using fixed surface supports (replicating the experimental 

setup) that block the displacement of the block’s surface nodes in the direction perpendicular 

to the surface. Loading was imposed in displacement control mode by applying a total displace-

ment of 10 mm in the y-direction to a solid brick element, referred to as loading block. The 

displacement was applied in increments of 0.02 mm up to a total displacement of 2 mm and in 

0.1 mm increments thereafter. No slips were allowed between loading block and the end node 

of the fiber bundle. 

The fiber bundles of the FRCM composite were modeled as discrete reinforcements using 

truss elements (see Figure 4-7). The truss element representing the fiber bundle is characterized 

 
Figure 4-7. Geometry and meshing of lap-shear numerical model 
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by the bundle’s cross-sectional area, perimeter, material model, and bond law. A linear-elastic 

stress-strain behavior characterized by the fibers’ modulus of elasticity was assumed. 

Previous studies (Hegger et al. 2006; Hartig et al. 2008) have shown that cementitious 

matrices have a limited capacity to penetrate between the fibers of a bundle. Consequently, 

loads are not shared evenly between the bundle’s external and internal fibers, resulting in so-

called telescopic behavior. The bond behavior of FRCM composites is thus influenced by the 

extent of matrix penetration, the bond between fibers and the matrix, and the tensile stress 

distribution over the bundle’s cross-section. The external fibers in a bundle are directly bonded 

to the matrix, but the internal fibers in the bundle’s core are not, and so can slip more easily 

because of the lower friction between fibers. 

The effective fiber bundle area A*
b.eff can be estimated as a fraction of A*

b by introducing 

factor kFRCM: 

    (4-3) 

Several researchers (Ohno and Hannant 1994; Banholzer 2004; Hartig et al. 2008) have 

modeled fiber bundles as cylindrical structures comprised of concentric rings representing the 

internal and external fiber sleeves (Figure 4-8). Telescopic pull-out is influenced by many fac-

tors including the matrix penetrability, the textile geometry and structure, the presence of a 

coating, and the friction between the fibers in each yarn (D’Ambrisi et al. 2013). However, 

because the maximum shear stress occurs at the edges of the bundle’s cross-section, here the 

approach of Zastrau et al. (2002) was adopted. That is, for simplicity that the bundle’s cross-

section is homogenous and that debonding (or slip) occurs only at the interface between the 

outer fibers and the cementitious matrix was assumed. Thus, the debonding surface is defined 

Figure 4-8. Telescopic behavior idealization of a fiber bundle embedded in cementitious 

matrix adapted from (Banholzer 2004) 
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by the perimeter of the fiber bundle, which is assumed to remain constant. The bundle perim-

eter p*
b was considered as 2bf. The bundle’s thickness was considered because its contribution 

to the contact area is negligible (D'Antino et al. 2014). This implies that local bond-slip behav-

ior is not directly dependent on the level of impregnation. However, the level of impregnation 

affects the bundle’s axial stiffness, Kb, which has been shown to affect the P-g response of 

FRCM-concrete joints (Xu et al. 2004; Ascione et al. 2015). 

      (4-4) 

The cohesion between the fiber bundle and the cementitious matrix was modeled using a 

bilinear bond stress-slip law (s) that accounts for friction and has been used to describe the 

behavior of FRP composites bonded to concrete (Vaculik et al. 2018) as well as FRCM 

(Carloni et al. 2014). The bond law is defined by Eq. (4-5) and is a bilinear-frictional law 

(Vaculik et al. 2018) that divides the bond-slip relationship into three zones: elastic (I), soften-

ing (II), and friction (III), as shown in Figure 4-9. 

 τ(s)=

⎩⎪⎨
⎪⎧ τmax

smax
s,  for s≤smax

τmax-
τmax-τf

sf-smax
s,  for smax< s<sf

τf,  for s≥sf

 (4-5) 

max, smax, f, sf  are the bond law parameters and are gathered in the vector p=( max, smax, r, su). 

Due to its analytical simplicity, Eq. (4-5) is one of the most widely used expressions for the 

bond-slip relation in FRP and FRCM composites bonded to concrete (D’Ambrisi et al. 2012). 

To relate the applied load to the bond stress , the contact surface between the fiber bundles 

and the surrounding matrix must be considered. The contact surface between the fiber bundles 

and the matrix was modeled as the product of the bundle section perimeter and the bonded 

length. 

4.4.2 Calibration of local (s) parameters from global P – g and  – g responses 

Several methods for determining (s) parameters from experimental tests have been pro-

posed for FRP-concrete joints (Cruz and Barros 2004; Dai et al. 2005; Faella et al. 2009) and 

FRCM-concrete or masonry joints (Banholzer 2004; Xu et al. 2004; Sueki et al. 2007; 

Soranakom and Mobasher 2009). The methods used to identify (s) parameters can be classified 

as direct or indirect (Faella et al. 2009). The direct approach uses the measured variation in 

fiber strain along the bond length at a set load level to determine (s) parameters, whereas the 

indirect approach uses the axial strain recorded at a set location over a range of applied loads 
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to indirectly calibrate (s). Assuming a functional form for (s) and a set of parameters, the 

theoretical value of the axial strain and slip of the fibers for a given load level (and thus a given 

load – strain or load – slip response) can be evaluated using numerical procedures such as FEA. 

The indirect approach was used to determine the (s) parameters based on global measure-

ments of the applied force, as well as the global slip at the loaded end, and bundle strain-slip at 

the loaded end of each fiber bundle. 

 

The bond stress due to friction, f, can be deterministically derived from the residual load, 

of an FRCM-concrete joint (D'Antino et al. 2014): 

  (4-6) 

Using the experimental results presented in the previous section, this expression yields a 

value of f = 0.03 MPa. 

A series of FE analyses were conducted to determine the values of the other (s) parameters 

and kFRCM. Factorial designs (Montgomery 2001) can be used effectively to study the influence 

of multiple factors on responses observed experimentally and by FEA. The effect of a factor is 

Table 4-1. FRCM-concrete joint FEA runs 
Run max  smax sf kFRCM  Run max  smax sf kFRCM 

0 0.55 0.01 0.1 0.5  8 0.55 0.01 0.1 0.6 
1 0.45 0.01 0.1 0.5  9 0.45 0.01 0.1 0.6 
2 0.55 0.02 0.1 0.5  10 0.55 0.02 0.1 0.6 
3 0.45 0.02 0.1 0.5  11 0.45 0.02 0.1 0.6 
4 0.55 0.01 0.4 0.5  12 0.55 0.01 0.4 0.6 
5 0.45 0.01 0.4 0.5  13 0.45 0.01 0.4 0.6 
6 0.55 0.02 0.4 0.5  14 0.55 0.02 0.4 0.6 
7 0.45 0.02 0.4 0.5  15 0.45 0.02 0.4 0.6 

 

 
Figure 4-9. Bond-slip relationship at the fiber-matrix interface. 
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defined as the change in response produced by a change in the factor’s value. Sixteen simula-

tions using the numerical model were performed with the parameter combinations listed in 

Table 4-1, which constitute a 2-level full factorial design matrix. Figure 4-10 shows the ex-

perimentally observed strain-slip response for each bundle of specimen C_28_3 and the range 

of numerical responses for each run using the parameter settings given in Table 4-1. The char-

acteristic parameters of the (s) law for each bundle were determined based on a goodness-to-

fit test between the numerical and experimental responses. 

The goodness-to-fit was assessed using the root-mean-squared error (RMS) of key response 

properties rather than the overall fit between the experimental and FEA responses, as suggested 

by Vaculik et al. (2018): 

 � �  � � � � ��  (4-7) 

where n is the number of key parameters and the error specific to each property is calculated 

as: 

 ( )   (4-8) 

where y can be strain, load, or slip. 

The goodness-to-fit of the strain-slip response was first determined for each individual bun-

dle. The key points used to test the goodness-to-fit of the FE models were the maximum strain 

at the loaded end ( max) with the corresponding slip gmax and the bundle strain at the loaded end 

1 with the corresponding slip g1. The value of 1=0.9 max was chosen as the approximate level 

at which the non-linearity of the experimental load slip response increased noticeably. The 

locations of key parameters based on experimental and numerical responses are represented by 

red and blue dots, respectively. 

Table 4-2. Fiber bundle local bond law parameters 
Parameter max smax f sf kFRCM 

Bundle 1 0.55 0.02 0.03 0.4 0.6 
Bundle 2 0.55 0.02 0.03 0.4 0.5 
Bundle 3 0.55 0.02 0.03 0.4 0.5 
Average 0.55 0.02 0.03 0.4 0.53 
Global1 0.45 0.01 0.03 0.4 0.5 
Note: 
1 – determined from the load – average slip response of the FRCM-concrete joint 
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The numerical response of the best-fit run is shown in Figure 4-10. Considerable differ-

ences between the (s) parameters that best represent the behavior of each bundle can be ob-

served. This is in good agreement with the discussions in Paper III regarding the distribution 

of the applied load between the fiber bundles and its sensitivity to their different degrees of 

matrix impregnation. 

 
Figure 4-10. Numerical and experimental strain – slip responses for fiber bundles. 
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The goodness-to-fit of the P-g response was also determined for the FRCM-concrete joint. 

A procedure similar to that described above was used, but the key variables in this case were 

the Pmax, the corresponding slip gm, the bundle strain at the loaded end P1, and the corresponding 

slip g1. A value of P1=0.9Pmax was chosen as the approximate level at which the non-linearity 

of the experimental P-g response increased noticeably. 

Figure 4-11a shows the experimentally P-g response of specimen C_28_3 and the range of 

numerical responses observed in the simulations performed using the parameter combinations 

specified in Table 4-1. These responses were computed under the assumption of a uniform 

 
Figure 4-11. (a) Comparison of experimental and numerical responses load-slip responses and 
(b) load - slip responses obtained by summing the best strain-slip fits for each bundle. 
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load distribution between the bundles, so the total response load was obtained by multiplying 

the measured load by the number of bundles. 

Figure 4-11b shows the experimentally obtained P-g responses of best-fit runs for the strain-

slip responses of each individual bundle shown in Figure 4-10, and the summed P-g responses 

of all bundles. Table 4-2 presents the parameters of the (s) response for each bundle, and the 

average values. 

In terms of strain – slip responses, there is a good correlation between the experimentally 

obtained responses of individual fiber bundles, and numerically obtained responses of models 

having different (s) parameters, confirming the assumption that (s) parameters of bundles can 

vary substantially within the same lap-shear joint. Moreover, the (s) parameters determined 

from the FRCM-concrete load-slip responses differ from those obtained by averaging the (s) 

parameters obtained for the individual bundles (see Table 4-2). It is important to note that it 

might not be impossible to obtain identical responses for all bundles. This is partly because the 

bilinear-frictional (s) law is merely an approximation of the complex and highly nonlinear 

bond fracture process. However, this (s) quantification approach makes it possible to study the 

variability of bond properties between fiber bundles and the matrix when performing lap-shear 

tests. As such, it will enable better assessments of the variability of mechanical properties in 

FRCM composites. 

4.5 Conclusions 

Of the composites considered in this chapter, carbon FRCM composites were found to be 

most suitable for strengthening reinforced concrete members because of their rigidity and lack 

of matrix cracking, and because they have a favorable failure mode that does not depend on 

the substrate’s properties. 

A novel non-contact measurement approach based on digital photogrammetry was pro-

posed and used in an experimental study on the bond behavior of FRCM composites in single-

lap direct shear tests. Measurements acquired using this approach correlated well with tradi-

tional measurements acquired using strain gages and LVDTs. Moreover, the new approach has 

several advantages over established alternatives, and is capable of capturing non-uniform load 

distributions between fiber bundles.  

It is anticipated that the measurement and parameter extraction methods presented in this 

chapter will serve as a valuable framework for extracting local bond properties during the de-

velopment of improved material models for FRCM composites. 

 





Chapter 5 

5 Behavior of concrete walls with cutout openings 

The effects of cutout openings in RC loadbearing walls were investigated at the local level 

(i.e. in isolated wall panels) by performing experimental tests and at the global level (i.e. in 

walls within an intact structure) by performing FE analyses. This chapter outlines these inves-

tigations and presents their key results; the reader is referred to Paper IV and Paper V for more 

detailed results and analysis. 

5.1 Effect of cutout openings on reinforced concrete walls 

A first series of tests was conducted to gather initial data on the effects of introducing cutout 

openings into isolated wall panels. Three specimens designed to represent wall panels in resi-

dential buildings at half-scale (1,800 mm long, 1,350 mm tall, and 60 mm thick) were axially 

loaded to failure to determine how cutout openings affected their load carrying capacity and 

behavior. One was a solid panel, one had a symmetric half-scaled single door-type opening 

(450 × 1,050 mm, henceforth referred to as the small opening, or SO), and the other had a 

symmetric half-scaled double door-type opening (900 × 1,050 mm, henceforth the large open-

ing, or LO), as shown in Figure 5-1. 

 
Figure 5-1. Dimensions of the tested panels and wall support frame (Paper V) 
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5.1.1 Experimental setup 

The experimental setup was designed to replicate the circumstances of structural walls act-

ing as TW action compression members subject only to gravitational loads (so no transverse 

loads or lateral in-plane loads were applied). The loading frame had three main parts: (i) the 

reaction frame, which was fixed to the strong floor by two pairs of pre-stressed steel rods, (ii) 

the loading unit, consisting of four 1.4-MN-capacity hydraulic jacks, and (iii) the support 

frame, which had four sub-components – the loading beam, reaction beam, and lateral supports 

(see Figure 5-1). 

The panel’s out-of-plane displacement was restrained on all four sides, with full rotations 

allowed along the top and bottom supports. An eccentricity of e=10mm (1/6th of the solid-

panel thickness) was provided at the top and bottom sides to reflect deviations that may be 

introduced during the construction of a building. 

The compression load was applied vertically in load-control mode, at a rate of 30 kN/min, 

with breaks every 250kN to allow load redistribution in the frame and to inspect the specimens 

for cracks. Out-of-plane displacements were measured using LVDTs, concrete compressive 

strain was recorded using strain gages on the compressive side of the panel, reinforcement strain 

was recorded using strain gages pre-installed on the reinforcement, and an 3D ICS system was 

used to measure the tensile strain distribution and crack opening sizes during loading (see Figure 

5-2). 

 
Figure 5-2. Positioning of the image correlation system relative to the tested specimens
(Sabau et al. 2016) 
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5.1.2 Ultimate load analysis 

Due to the eccentrically applied axial load, the walls exhibited increasing out-of-plane dis-

placements as the load increased (see Figure 5-3a). Displacements were higher towards the 

middle of the panel and lower closer to the supports, which is characteristic of TW behavior. 

These observations were consistent with the recorded strain distributions for the walls with 

openings (see Figure 5-3b). The experimental tests showed that the small and large openings 

(which reduced the solid wall’s cross-sectional area by 25 and 50%, respectively) reduced its 

load-carrying capacity by 36 and 50%, respectively (see Figure 5-3a). 

The failure mode of all three panels was characterized by concrete crushing on the com-

pression side with large cracks on the tension side, and resembled that seen in TW action 

concrete slabs. At failure, out-of-plane displacements increased rapidly, implying a loss of sta-

bility failure mode by inelastic buckling (Huang et al. 2015). The strains measured in the con-

crete and reinforcement, together with a more detailed analysis of the experimental results, are 

presented in Paper IV. 

 
Figure 5-3. (a) Response and ultimate capacity of the tested wall panels; (b) panels with 
openings pictured after failure, showing the strain distributions recorded by ICS at failure. 
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5.1.3 Serviceability analysis 

Servicability conditions for RC members are defined in terms of allowable crack opening 

sizes in design guidelines such as ACI 224 (2001), ACI 533 (2011), and EC 2 (2005). For 

precast RC wall panels, ACI 533 (2011) also suggests an out-of-plane deflection limit of 

H/360, where H represents the panel’s height. 

The measured changes in the tensile strain distribution upon loading were used to deter-

mine the locations of cracks at each loading stage. The ICS system made it possible to contin-

uously monitor the propagation of cracks in the walls and identify the tortuous crack pattern 

at failure (see Figure 5-3b). Moreover, virtual extensometers defined over the cracks were used 

to measure the crack opening at several locations along the crack’s length. The locations of the 

virtual extensometers and protocols for their use are presented elsewhere (Sabau et al. 2016). 

Figure 5-4 shows the variation of the crack opening size with the applied load for the critical 

cracks in the monitored area. Figure 5-5 shows the crack opening size at selected load levels 

along the crack length. 

The measured crack widths were compared to the limits defined by the guidelines men-

tioned above, revealing that no crack exceeded the allowable limits when the load was close 

to the panel’s ultimate capacity. Therefore, loading-induced cracks do not have critical effects 

on the serviceability of such members. Moreover, cracks less than 0.15 mm wide are invisible 

to casual observers (ACI 224 2001). Because no cracks were visible at loads below 70% of the 

ultimate load, there will be little warning before such members collapse. 

 
Figure 5-4. Crack width development of specimen with small opening (left) and large open-
ing (right) (Paper IV) 
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The out-of-plane displacement limit for the tested wall was 3.5 mm, which was reached at 

52 and 75% of the ultimate load for the SO and LO specimens, respectively. Thus, in the 

absence of more stringent cracking limits, deflection serviceability criteria may be more im-

portant than current cracking criteria. This suggests that strengthening strategies based on ser-

viceability conditions should aim to increase the panel’s resistance to out-of-plane deflection. 

Traditionally, strengthening solutions for walls with cutout openings involve lining the 

opening with a steel or RC concrete frame, or externally bonded FRP at the edges of the 

openings (Mohammed et al. 2013). However, the observed failure modes of the panels with 

openings and the crack profiles shown in Figure 5-5 suggest that it may be more effective to 

use strengthening solutions that do not concentrate the additional reinforcement at the corners 

of the openings. Distributing the additional reinforcement over wall’s remaining surface would 

cause cracks progressing from the wall’s edges towards the openings to intersect the reinforce-

ment at load levels well below the ultimate load. 

5.2 Effect of wall cutout openings on in RC buildings 

Previous experimental tests have shown that cutout openings in structural walls are a source 

of weakness and can reduce their load-carrying capacity in a size-dependent manner. However, 

these earlier studies (Doh and Fragomeni 2006; Fragomeni et al. 2012) only examined the 

influence of cutout openings at the component level rather than the system level (i.e. the level 

of entire buildings).

 
Figure 5-5. Crack width profiles for critical cracks in the specimens with small (left) and large 
(right) openings. (Sabau et al. 2016) 



74 Behavior of concrete walls with cutout openings 
 

The capacity of structural members in robustly designed buildings can be significantly 

greater than that of the members in isolation because of the membrane effect and the redistri-

bution of loads to adjacent members. Therefore, the effect of cutout openings at the structural 

level was evaluated by performing non-linear 3D FEA of a multi-story residential building with 

RC loadbearing walls. The buildings performance was evaluated in terms of maximum ser-

viceability load, ultimate capacity, and robustness. Only selected results are presented here; the 

reader is referred to Paper V for more detailed results and analysis. 

The experimental results presented in the previous section were used to verify the adequacy 

of the modeling approach for axially loaded walls with cutout openings by assessing its capacity 

to reproduce the experimentally observed ultimate loads, deformation responses, and crack 

patterns. 

3D FE models were developed using the Atena Studio software package (Cervenka 

Consulting 2018). The concrete was modelled with a non-linear concrete material model 

(CC3DNonLinCemetitious) implemented using 3D-continuum isoperimetric brick elements 

with 8 nodes. The steel reinforcement is modelled as discrete bars implemented as 2-node truss 

elements with nodes connected to those of the concrete elements. 

The boundary conditions and loading scheme were chosen to mirror those used in the 

experimental tests (see Figure 5-1). To avoid stress concentrations, linear elastic steel plates 

were added between the concrete elements and the line supports. Figure 5-6 shows the model 

Solid Wall Wall with small opening Wall with large opening 

 

Figure 5-6. Reinforced concrete wall models 
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created to replicate the tested walls. A detailed description of the FE models, material consti-

tutive laws, and analytical process is available in Paper V. 

The experimentally observed relationships between the applied load and the out-of-plane 

displacement for the tested walls is compared to the responses obtained by FEA in Figure 5-7a. 

The principal tensile strain distributions obtained using the FE model and the ICS system are 

shown in Figure 5-7b. The good agreement between the FEA results and experiment suggests 

that the FE model adequately simulates the responses of axially loaded RC walls. 

5.2.1 Building model and analysis 

The analyzed structure is an existing 11-story residential building designed according to 

architectural standards (ISART 1973) introduced in the 1970s for low-seismicity regions of 

Romania. The structural system comprises an integral wall system with prefabricated and cast-

in-place loadbearing walls aligned with the building’s longitudinal and transverse directions. 

The building’s floor layout and the geometric characteristics of its structural elements are pre-

sented in Paper V. 

Door-type cutout openings with heights of 2.1 m and widths of 0.9, 1.6, 3.0, or 4.4 m 

(referred to as openings O1, O2, O3, and O4, respectively) were created in internal structural 

walls (named wall D12) on the building’s first or second stories. The building model in which 

the D12 panels on the first and second story lack cutout openings is referred to as AsBuilt. 

 
Figure 5-7. Comparison of FEM predictions and experimental results for panels with open-
ings: a) load-displacement curves, and b) principal tensile strain distributions at failure (Paper
V) 
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Models with openings Ox and Oy (where x and y range from 0 to 4 and represent the size of 

the opening on the first and second stories, respectively) are denoted Oxy. If either x or y is 

zero, the model has a solid panel with no opening at the D12 position of the corresponding 

story. 

The loads applied to the structure were evaluated according to the EC 1 (2002) for a change 

of use from a residential building to an office building (which implies a 3.0 kN increase in live 

load). The most severe load combination specified by ACI 318 (2011) for the proof loading of 

structures was considered when evaluating the structure’s serviceability. 

To evaluate the structure’s ultimate capacity, a pushdown analysis was performed using the 

bay pushdown (BP) method of Khandelwal and El-Tawil (2011). The uniformly distributed 

live load was thus increased proportionally in the critical bays (i.e. the regions adjacent to the 

walls with cutout openings), while the remainder of the structure was only subjected to nom-

inal gravity loads. 

5.2.2 Serviceability considerations 

Deflections and crack openings under the serviceability loading condition were evaluated 

to assess the effect of cutout openings on the building’s serviceability. The slab deflections 

predicted for the O44 building, which had the largest cutout openings, were up to 50% larger 

than those for the building with solid walls (AsBuilt). However, the deflections were well 

below the chosen limit in all cases (see SBUF 13246 (2018) for actual values). Moreover, the 

serviceability limits in terms of both crack opening and deflection were not exceeded in any 

of the analyzed building subjected to nominal loads. 

5.2.3 Ultimate limit analysis 

Figure 5-8 shows the axial load – out-of-plane displacement responses of the D12 walls on 

the first and second stories given different opening sizes on the first story. The compressive 

strain distribution and crack pattern at the ultimate load are also shown in Figure 5-8. 

The load – response for the AsBuilt, O10, and O20 cases is similar to that seen experimen-

tally (see Figure 5-7 and Figure 5-8). The compressive strain distribution indicates that the 

concrete’s ultimate compressive strain (1500 μm/m) was exceeded in these cases. Moreover, 

large out-of-plane displacements were observed at maximum load, indicating a failure mode 

involving loss of stability. As shown in Figure 5-8, the axial capacity decreased significantly 

with increasing opening size. In the AsBuilt case, the second story panel failed by concrete 

crushing at its bottom edge while out-of-plane displacements increased sharply. In the O10 
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and O20 cases, the out-of-plane displacements of the first story wall were larger than those in 

the second story at the same load level, indicating that failure of the first story panel (i.e. the 

one with the cutout opening) occurred first. The compressive strain distributions indicated that 

the pier adjacent to the building’s outer walls would be the first structural element to fail. As 

observed in experimental tests on panels with openings, failure does not necessarily occur sim-

ultaneously in both piers. Instead, the panel with the largest out-of-plane displacement failed 

first. For buildings O30 and O40, the crack patterns in the solid wall on the second story were 

suggestive of shear failure. The brittle nature of shear failures was indicated by the small out-

of-plane displacements of wall panels on both stories. 

 
Figure 5-8. Out-of-plane displacement responses of wall D12 for cases with a solid wall on 
the second story. The compressive strain and crack (>0.1 mm) distribution corresponding to 
the maximum load are shown (Paper V) 
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The decrease in the axial load of wall D12 due to cutout openings was not proportional to 

the decrease in the building’s load carrying capacity. For example, the reductions in the load 

carrying capacity of wall D12 caused by 0.9 m wide and 4.4 m wide openings (doors) were 

14% and 86%, respectively, but the corresponding reductions in the building’s load carry ca-

pacity were 4% and 70%, respectively. Thus, the additional capacities due to the membrane 

effect and redistribution of forces to adjacent members, limit the decrease in the building’s 

capacity due to cutout openings. 

5.3 Comparison with design equations 

The ultimate capacities of wall D12 obtained from FEA and experimental tests are presented 

in terms of the axial strength ratio and the opening size ratio in Figure 5-9. The axial strength 

ratio ( ) is defined as the ratio of the maximum axial load to the product of the solid 

wall’s cross-section and the concrete compressive strength. If we consider only openings with 

the same height, the opening size ratio is the ratio of the opening’s width to the total width of 

the wall. The use of these ratios facilitates comparisons between elements with different con-

crete strengths and sizes, making it possible to draw general conclusions about the influence of 

openings on the ultimate load. 

 
Figure 5-9. The axial strength ratio as a function of the opening size ratio. (Paper V) 
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The axial strength ratio obtained via FEA for the case with solid walls is �2.5 times higher 

than that observed experimentally. However, the wall boundary conditions imposed in the 

calculations differed from those in the experiments. In the experimental tests, the panels had 

pinned supports, whereas in practice (and in the analyzed building), the intersections between 

panels enable flexural moments at panel edges. The axial strength ratios obtained from experi-

mental tests and the FEA simulations decreased almost linearly with the opening size; conse-

quently, the R2 values shown in Figure 5-9 are close to unity. In addition, the decrease was 

more pronounced when flexurally rigid boundary conditions were imposed than when using 

pinned supports, as demonstrated by the slopes of the corresponding best-fit lines. However, 

the relative capacity reductions caused by cutout openings in panels within structures (26 and 

64% for L0/L ratios of 0.25 and 0.5, respectively) were comparable to those observed experi-

mentally in isolated panels (36 and 50% for L0/L ratios of 0.25 and 0.5, respectively). 

According to EC 2 (2005), the ultimate capacity of a solid RC wall can be estimated as: 

   · · ·  (5-1) 

where  is the concrete compressive strength, t is the wall thickness, L is the width of the wall 

panel, and  is the axial strength ratio, i.e. a factor accounting for the influence of the eccen-

tricity, aspect ratio, and boundary conditions: 

   � ( )	 � ( )	 (5-2) 

where  is the first-order eccentricity,  is the additional eccentricity ( ), and 

· ·  is a term representing the member’s effective height. Within the latter equation,  

is a coefficient accounting for the wall’s aspect ratio and number of supports, while k is the 

effective length factor based on rotational constraints imposed by the support. According to 

EC 2 (2005), values of k=1 and k=0.5 should be used for isolated compression members with 

pinned supports and rotationally rigid supports, respectively. The solid wall is treated as a TW 

wall supported on four edges. For walls with openings, each pier’s capacity (for walls with two 

piers) is calculated as though it was a two-way compression member supported on three edges, 

and the resulting values are summed. 

Figure 5-9 also shows how the axial strength ratio depends on the opening width ratio 

(L0/L) in an RC panel. The capacities presented in this figure were calculated according to EC 

2 (2005), which is applicable to panels with pinned and rotational rigid supports (for which 

k=1 and k=0.5, respectively). For k=1,  is similar to the experimentally observed values. The 

decrease in the wall’s capacity relative to the opening size (as determined from the slopes of 
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the lines obtained via linear regression) is also similar to the experimental values. This is ex-

pected because design models are calibrated based on experimental results corresponding to 

pinned support conditions. 

The capacities predicted according to EC 2 (2005) for rotationally rigid supports (i.e. k=0.5) 

were higher than those for pinned supports. This increase was inversely proportional to the 

opening size because the influence of the support’s rotational stiffness decreases with increasing 

opening size. Nevertheless, the axial strength ratios predicted by the FEA for RC walls within 

buildings were even higher than those obtained using the design equation with k=0.5. The 

difference was most pronounced for smaller openings, i.e. cases with L0/L<0.5. 

For L0/L>0.5, the FEA results indicated that shear failure is most likely to occur in the 

panel above the cutout opening. This is indicative of frame-like behavior, with the upper story 

wall acting as a deep beam supported on the piers of the wall with the cutout opening (see 

Figure 5-8). Moreover, EC 2 (2005) specifies that elements with aspect ratios below 4:1 

(t/L=4.0) should be designed as columns rather than walls. Considering the geometry of the 

simulated and tested walls, an L0/L ratio of �0.75 yields an aspect ratio of 4:1 for the piers. A 

frame-type behavior is observed even for walls with opening ratios of 0.5 (see Figure 5-8). 

Thus L0/L=0.5 can be regarded as the critical value that distinguishes between small and large 

cutout openings, representing the limit beyond which wall-like behavior is transformed into 

frame-like behavior. 

5.4 Conclusions 

Experimental tests showed that cutout openings with widths equal to 25 and 50% of the 

width of an axially loaded TW action wall panel reduced its capacity by 36 and 50%, respec-

tively. However, in the tested panels, the serviceability limits specified in current design codes 

were only exceeded when the applied load was close (i.e. approximately 70%) to the wall’s 

ultimate capacity. The crack pattern at failure (and more notably, the development of crack 

patterns) suggested that the effectiveness of current strengthening solutions could be improved 

by adding additional reinforcement not just at the edges of the openings but also closer to the 

panel’s supports. 

FEA simulations of an 11-story RC building with cutout openings in first or second story 

RC walls indicated that the capacities of TW action wall panels in real structures are consider-

ably higher than those of the isolated panels used in the experiments. Despite this, the FEA 

results also suggested that the effects of cutout openings in panels within buildings are similar 
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to those seen in isolated panels: the introduction of cutout openings corresponding to 25 and 

50% percent of a panel’s width reduced its capacity by 26 and 64%, respectively. 

When openings are created only in one story, (i.e. when a solid wall is present above the 

cutout opening), frame-type behavior is observed when the opening ratio is above 0.5. There-

fore, 0.5 is proposed as the limit that distinguishes between small and large cutout openings. 

 





Chapter 6 

6 FRCM strengthened walls with openings 

To evaluate the capacity and stiffness improvements provided by strengthening using ex-

ternally bonded FRCM composites, a second series of experimental tests on RC panels loaded 

to failure was conducted. The FRCM strengthening solutions applied in these tests were in-

tended to restore the capacity and stiffness of panels with newly created openings such that 

they regained the capacity of the original solid panel. Two FRCM systems were employed to 

determine the influence of the composite’s properties on the capacity and stiffness of the 

strengthened panels. Only selected results related to the experimental tests are discussed here; 

the reader is referred to Paper VI for more details. 3D FE models were developed by using a 

procedure resembling that described in Section 5.2 to replicate the behavior of the experimen-

tally tested walls. Finally, analytical equations based on yield line theory for predicting the 

ultimate capacity of axially loaded walls with openings were proposed and compared with 

experimental results. 

6.1 Strengthening solution 

ACI 549.4R (2013) is the only current guideline for strengthening of structural elements 

using FRCM composites. However, this guideline overlooks design provisions for strengthen-

ing RC panels acting as compression members, and members with openings. The FRCM 

strengthening solution used in the experiments was chosen based on the analyses of failure 

modes, crack profiles, and strain distributions resulting from the previously conducted tests, 

which indicated a need for additional reinforcement on the tension side to prevent crack for-

mation and opening in both the vertical and horizontal directions. 

Strengthening was performed with the aim of minimizing second-order bending effects, 

which occur in walls subjected to eccentrically applied compressive loads. In practice, strength-

ening is usually required on both sides because the direction in which the eccentricity occurs 

may be unpredictable. Moreover, by applying the strengthening to only the tension side, the 

eccentricity of the applied load will increase by half of the additional thickness, leading to a 

decrease in capacity and reduced effectiveness of the strengthening. Because increased load 

eccentricity leads to lower ultimate capacities, a strengthening solution using FRCM compo-

sites with bi-directional fabrics applied to both sides of the panel was examined in this study. 
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6.2 Description of concrete wall specimens 

Five precast RC wall panels (identical to ones tested in the first series), each with a nominal 

length (L), height (H), and thickness (t) of 1800, 1350, and 60 mm, respectively (see Figure 

6-1), were examined in the test program. One was a solid panel (SW’), while the others had a 

middle section with a door-type opening. Two panels had 450×1050 mm openings (hence-

forth referred to as small openings, or SO), and the other two had 900×1050 mm openings 

(large openings, or LO). Individual panels were assigned three-character designations of the 

form SO# or LO#, where SO and LO denote the opening size and # takes values of 1 or 2, 

which indicate the FRCM system used for strengthening; a value of 1 indicates the C-FRCM 

system and a value of 2 indicates the PBO-FRCM system (see Figure 6-1). SO1 thus denotes 

a panel with a small opening strengthened with the C-FRCM composite. 

6.3 FRCM composites and strengthening procedure 

The tested FRCM systems (C-FRCM and PBO-FRCM) had different mechanical prop-

erties. Single-lap direct shear tests have been performed on C-FRCM concrete joints (Paper 

 
Figure 6-1. The geometry, reinforcement, and strengthening of the tested wall panels (Paper 
VI) 
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III) and PBO-FRCM concrete joints (Sneed et al. 2014). Their results suggest that PBO-

FRCM joints can transfer higher tensile forces to concrete substrates than C-FRCM joints can. 

In addition, data provided by the manufacturers of these systems indicate that the modulus of 

elasticity of the matrix used in C-FRCM is twice that of the matrix used in PBO-FRCM. 

Each FRCM system consisted of a fiber net and corresponding mortar. The mechanical prop-

erties of the fibers and mortars are given in Paper VI. 

The main steps of the strengthening procedure are illustrated in Figure 6-2. The concrete 

surface was prepared in accordance with EN ISO 1504-10 (2015) by water jetting at 200 MPa 

(2000 bar) water pressure using a rotating nozzle with five jets. Both sides of the specimens 

were water-treated except for strips with widths of about 70 mm along the horizontal and 

vertical sides where panels were fitted in the testing rig and FRCM composites were not ap-

plied (see Figure 6-1). 

 
Figure 6-2. Applying strengthening to the tested specimens: (a) Specimen SO1 after surface 
preparation; (b) LO1 after applying the first layer of mortar and placing the carbon fiber net; 
(c) LO2 after placing the first uni-directional layer of horizontal PBO fiber net; (d) SO2 after 
applying the second layer of vertical PBO fiber net but before applying the second mortar 
layer. 
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Before applying the strengthening material, the walls were wetted for several days to satu-

rate the concrete substrate. Standing water on the surface was removed using compressed air 

before applying the mortar. For convenience and better control of the thickness of each mortar 

layer, the composites were applied with specimens resting on the ground even though the 

consistency of both mortars enabled rendering on vertical surfaces. 

For the first seven days of curing, the specimens were sprayed with water and covered with 

a plastic foil. This measure was taken to prevent edge-lifting and matrix cracking resulting from 

shrinkage that occurs when fresh mortar is overlaid on old concrete (Blanksvärd et al. 2009). 

Thereafter, the panels were cured under normal ambient conditions (�15°C and 50% relative 

humidity) for at least 28 days before testing. 

The thickness of the specimens with and without the FRCM layer was measured along the 

edges using a digital caliper. The addition of this layer increased specimen thickness by 22.6 

mm on average (COV: 1.87%). For PBO-FRCM strengthened panels, cracks smaller than 0.01 

mm randomly distributed on one side (the side where strengthening was first applied) were 

observed but were absent from the other side. These cracks may have resulted from matrix 

shrinkage, as reported in other studies using these composites (D'Antino et al. 2016). In contrast 

to their PBO-FRCM-strengthened counterparts, the C-FRCM strengthened panels were 

crack-free. 

6.4 Test setup and instrumentation 

The reaction frame described in Section 5.1.1 was also used in the tests. However, the 

frame was disassembled and reassembled between the two test series, which may have contrib-

uted to variations in results. A different loading unit consisting of four 1MN-capacity hydraulic 

jacks was used, with hydraulic pressure provided by a servo-hydraulic pump. This enabled 

 
Figure 6-3. (a) Schematic depiction of the ICS setup (dimensions in millimeters); (b) Photo-
graph of the setup for panel LO1 (Paper VI) 
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displacement-controlled loading based on the average reading of two LVDTs placed between 

the reaction frame (assumed to be rigid) and the loading beam. 

Full field deformation measurements were performed using two ICS setups – the Aramis 

5M and Aramis 2M systems. The positions of the ICS systems relative to the tested panels, and 

an overview of the experimental setup, are shown in Figure 6-3. Both ICSs were set up in 

similar ways and both used lenses with a focal length of 12 mm, but cameras with pixel reso-

lutions of 2448 × 2048 and 1600 × 1200 were used in the systems on the tension and com-

pression sides, respectively. These cameras were mounted 1650 mm apart on a crossbar that 

was secured to a tripod (the distance between tripod and specimen was 2.90 m), producing a 

stereo angle of 32°. This angle was large enough to enable accurate measurement of small out-

of-plane displacements. Both systems were calibrated for a measurement volume of 1900 mm 

× 1685 mm × 1685 mm. 

Optical targets were used to obtain the out-of-plane displacement at the specified locations 

in real time and to monitor the movements of the test frame using the PT method. DIC 

measurements were performed using facets of 20 × 20 pixels and a 10-pixel overlap (Figure 

6-3). For the chosen measurement volume, this yielded a displacement precision and a strain 

precision of 0.05 mm and �200 μm/m, respectively. 

6.5 Experimental results 

The applied load (P) – out-of-plane displacement ( ) responses of the tested specimens are 

plotted in Figure 6-4. The solid walls examined in the second series of tests (SW’) exhibited 

linear or quasi-linear responses for loads of up to 95%Pmax, with non-linear responses thereafter. 

Once the maximum load (Pmax) was reached, the failure mechanism was activated, as evidenced 

by sharply increased out-of-plane displacements and reductions in load, and as observed in the 

solid wall of the first test series (SW). However, the maximum load observed in the SW’ tests 

(1800 kN) was lower than that of SW (2360 kN). Although the same support frame was used 

in both test series, because of its complexity, disassembly and reassembly may have resulted in 

the inadvertent introduction of minor changes to the support conditions. The results of the 

SW’ were used as a source of reference data for the tests on FRCM-strengthened walls with 

openings because all specimens examined in the second series were tested under similar support 

conditions. Therefore, the reference capacities of the unstrengthened walls with small and large 

openings were estimated to equal 36% and 50%, respectively, of the SW’ panel’s capacity (see 

Figure 6-4). 
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The responses of the specimens with openings strengthened by C-FRCM and PBO-

FRCM (i.e. specimens SO1, LO1, SO2, and LO2) are also shown in Figure 6-4.  

For panels with openings, the out-of-plane displacement response was quasi-linear up to 

1.0 MN and non-linear thereafter. At the maximum load, walls failed without the large out-

of-plane displacement observed for the solid wall. 

 
Figure 6-4. Load – out-of-plane displacement responses of tested specimens (Paper VI) 

 
Figure 6-5. Failure mode of strengthened panels - concrete crushing at the bottom of the 
east pier (Paper VI) 
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Figure 6-6. Tensile strain distributions at failure and possible failure mechanisms 
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The strengthened panels with openings all failed via concrete crushing at the bottom of the 

east pier (see Figure 6-5). The FRCM became partially detached in the crushed region and, 

after the test, removing the FRCM composite from this region revealed the extent of the 

crushed zone. This failure mode differed from that of SW’ and the walls tested in the first series, 

where failure involved loss of stability and the emergence of plastic mechanisms similar to yield 

lines in slabs (see Paper IV). 

The tensile strain distributions at failure, which are representative of crack patterns, are 

shown in Figure 6-6. These distributions were used to identify potential failure mechanisms. 

Two possible failure patterns were observed for FRCM-strengthened walls with openings as 

indicate in Figure 6-6. 

Both FRCM strengthening systems successfully restored the target capacity of panels with 

small openings. However, for panels with large openings, only 75% of the solid capacity was 

restored. The axial strength enhancement is defined as the ratio of the strengthened element to 

that of a reference element, which is usually an unstrengthened element of the same type. 

Compared to the reference values, C-FRCM and PBO-FRCM strengthening increased the 

capacities of panels with large and small openings by (i) 48% and 50%, and (ii) 85% and 61%, 

respectively. 

Solid Wall Wall with small opening Wall with large opening 

   

 

Figure 6-7. Models of walls tested in Paper V 
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6.6 Finite element analysis of FRCM strengthened walls with openings 

3D FE models were developed in the ATENA Studio software package by using a proce-

dure resembling that described in Section 5.2 to replicate the behavior of the experimentally 

tested walls. The FE models (see Figure 6-7) were verified by comparing the results of numer-

ical analyses to experimental data. 

6.6.1 Unstrengthened solid wall 

To simulate the experimental conditions, the bottom line support was restrained in the 

vertical, horizontal, and out-of-plane directions, while the top and lateral supports were re-

strained in the horizontal and out-of-plane directions only. The out-of-plane restraint of the 

lateral and top support was provided by linear elastic springs whose stiffness was calibrated such 

that the support displacements matched those observed experimentally for the solid wall. The 

support displacements were recoded based on ICS data gathered using the PT method. Targets 

were placed along all support lines and loading beams. Figure 6-8 compares the experimentally 

observed out-of-plane displacements of the tested solid panel and supports at maximum load 

to those predicted by FEA simulations. 

6.6.1.1 Constitutive material models 

The constitutive laws for concrete and steel reinforcement used in the models are presented 

in Section 5.2 and Paper V. The values of the parameters used in the concrete constitutive 

model were chosen to reflect the properties of the tested specimens (see Table 6-1). 

The mean concrete cubic compressive strength (fc) was determined using concrete cubes 

on the day of testing using recommendations of EN ISO 12390-3 (2009) (see Paper VI). The 

Table 6-1. Cementitious material parameters 

Parameter Unit Concrete 
C-FRCM 

matrix 
PBO-FRCM 

matrix 
Concrete compressive strength1 fc (MPa) 68 38 47 
Initial elastic modulus2 E0 (MPa) 20000 15000 7000 
Tensile strength2 fct (MPa) 4 5 5 
Plastic strain corresponding to 
maximum stress2 ε cp (-) -0.0035 -0.0025 -0.0067 

Cylinder compressive strength f’c = 0.85 fc (MPa) 58 32 40 
Onset of nonlinear behavior3 fc0 = -2.1 fct (MPa) -8.4 11 11 
Specific fracture energy3 Gf  = 25 fct (N/m) 100 125 125 
Note: 
1 – determined experimentally 
2 – determined from factorial analysis for concrete 
3 – generation formula recommended by FEA software developer (Cervenka et al. 2014) 
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initial elastic modulus (E0), mean tensile strength (fct) and plastic strain ( cp) corresponding to 

the maximum stress of the concrete material were determined from a parametric study that 

considered the effects of these three factors on the response of the modeled specimen. 

If FEA calculations are treated as numerical experiments, factorial designs (Montgomery 

2001) can be used to study the effects of two or more factors on the FE model’s response. A 

two level full factorial design was created to determine how fct, E0 and cp affect the predicted 

capacity of the solid wall. A factorial design matrix comprising eight runs with the parameter 

combinations used in each run is shown in Table 6-2. The “high” values of fct, E0 and cp were 

derived from the concrete compressive strength in accordance with EC 2 (2005). Because of 

the overly rigid response observed in preliminary analyses and the potentially large variation of 

the parameters fct, E0 and cp, the “low” values were initially set to half the “high” values. 

 
Figure 6-8. Out-of-plane displacements of a solid wall panel at maximum load determined 
by experiment (left) and predicted by FEA (right) 

Table 6-2. Two level full factorial design matrix for the solid wall 
Run  E0 εcp fct  E0 εcp fct  RMS 

0  -1 -1 -1  18000 -0.0035 3.0  0.089 
1  1 -1 -1  20000 -0.0035 3.0  0.069 
2  -1 1 -1  18000 -0.004 3.0  0.100 
3  1 1 -1  20000 -0.004 3.0  0.077 
4  -1 -1 1  18000 -0.0035 4.0  0.075 
5  1 -1 1  20000 -0.0035 4.0  0.065 
6  -1 1 1  18000 -0.004 4.0  0.080 
7  1 1 1  20000 -0.004 4.0  0.075 
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6.6.1.2 Load response  

The goodness-of-fit between the experimental load – out-of-plane displacement response 

(at location D3 in the middle of the panel) and the response obtained from FEA is quantified 

by calculating the RMS of key response properties: 

 RMS�y1,y2…yn�=�1

n
� �err�yi��2

 (6-1) 

where n is the number of key parameters and the error specific to each property is calculated 

as: 

 err(y)=
yexp-yFEA

yexp

 (6-2) 

Here, y can be either a load or a displacement. This method was chosen instead of calcu-

lating the RMS for the entire response, and was shown by Vaculik et al. (2018) to yield low 

RMS errors for widely varying responses. The key variables used to assess the goodness-to-fit 

of the FE models were the maximum load (Pmax) and the displacement δ1 corresponding to the 

load P1, which was defined as 0.75Pmax. P1 was chosen as the approximate level at which the 

non-linearity of the experimental response increased markedly. 

Figure 6-9 compares the experimental response of the solid wall to that predicted by the 

numerical models using the concrete materials parameters shown in Table 6-2 together with 

the corresponding RMS errors calculated using Eq. (6-1). 

 
Figure 6-9. Numerical and experimental load – out-of-plane response of solid wall panel 
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The model with the lowest RMS error (corresponding to run number five) is highlighted 

in Figure 6-9. A good agreement between the numerical and experimental responses was ob-

served. Moreover, the error in maximum load was less than 4%. 

To further verify the model’s ability to replicate the global behavior of the experimental 

tests, the principal major strain on the tension side and principal minor strain distribution on 

the compression side obtained using DIC were compared to the corresponding strain distribu-

tions from FEA calculations performed using the model with the lowest RMS (see Figure 

6-10). The principal tensile strain distributions obtained using DIC are representative of the 

crack patterns observed experimentally. In the visualization of the FEA results, cracks wider 

than the 0.5 mm are represented by black lines. The experimentally obtained tensile strain 

distribution and the crack pattern predicted by FEA are clearly in good agreement. Moreover, 

there appears to be a good correlation between the principal compressive strain distributions. 

The concrete material parameters of the model showing the best fit to the experimental 

data (i.e. Run 5) were used to model the walls with cutout openings strengthened with FRCM 

Figure 6-10. Experimental (left) and numerical (right) principal strain distributions 
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composites. The main values of the concrete model parameters are given in Table 6-1. Other 

parameters required to define the concrete’s behavior are the critical compressive displacement, 

wd = 0.5 mm and the minimum compressive strength reduction factor rclim  = 0.8, which were 

set as recommended previously (Cervenka et al. 2014). 

6.6.2 FRCM strengthened walls 

The same boundary conditions and concrete constitutive model, calibrated based on the 

solid wall without strengthening, was used to model the FRCM strengthened walls with open-

ings. The FRCM composite system was modelled explicitly using shell elements for the ce-

mentitious matrix and discrete reinforcement representing each fiber bundle within the FRCM 

composite (see Figure 6-7). 

6.6.2.1 FRCM composite constitutive models 

The constitutive concrete model (CC3DNonLinCementitious2) was also used to model 

the cementitious matrix, which was implemented using CCIsoShellBrick elements with four 

cross-sectional layers for a solid reference thickness of 10 mm. The surface nodes of the matrix 

shell were connected to the surface nodes of the concrete volume using fixed contacts because 

no debonding between the concrete and FRCM composite was observed prior to concrete 

crushing and the literature on the matrix to concrete bond stress-slip law for the FRCM com-

posites is very limited at present (Ombres and Verre 2018). 

 
Figure 6-11. Numerical and experimental load – out-of-plane responses of wall panels with 
small opening (left) and large opening (right) 
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The matrix material model parameters are given in Table 6-1. The matrices’ compressive 

and tensile strengths were determined from experimental tests, while the modulus of elasticity 

values were taken from technical specifications provided by the manufacturers of the FRCM 

systems (see Paper VI). 

The bilinear-frictional bond stress-slip model was used to model the interfacial behavior of 

the fiber bundles of the C-FRCM and PBO-FRCM composites. This model is defined by Eq. 

(4-5), and the parameters of the bond-slip model for the two composites are shown in Table 

6-3. For the C-FRCM composite, the parameters of the bond-slip law were determined from 

the experimental tests and the numerical simulations of lap-shear tests presented in Section 4. 

The bond-slip law parameters used for the PBO-FRCM composites were taken to be those 

proposed by Carloni et al. (2014). 

6.6.2.2 Load response and failure mode 

Figure 6-11 shows the experimentally obtained responses of the panels with small and large 

openings strengthened with C-FRCM and PBO-FRCM. The numerical and experimental 

load – out of plane responses are clearly in good agreement, confirming the ability of the FE 

model to capture the nonlinear responses of axially loaded walls with openings strengthened 

with FCRM composites. Figure 6-12 shows principal strains at failure obtained from FEA for 

the C-FRCM strengthened panels with small and large openings. In this case, as well, close 

resemblance can be observed between the results of the FEA and experimentally obtained strain 

distributions shown in Figure 6-6. High compressive strains can observed in Figure 6-12 at the 

lower part of the pier, indicative of concrete crushing. This is in good correlation with the 

observed failure mode in the experimental tests. Similar results in terms of principal strains were 

obtained for PBO-FRCM strengthened panels. However, for the sake of brevity, only the 

results of C-FRCM strengthened panels are shown in Figure 6-12. 

A rigid connection was considered at matrix-concrete interface in this analysis. This choice 

was supported by experimental observation that indicated the concrete crushing occurred prior 

Table 6-3. Fiber bundle bond-slip law parameters 
Parameter max smax f sf k 

C-FRCM1 0.55 0.05 0.03 0.7 0.7 
PBO-FRCM2 1.68 0.08 0.08 1.04 1.0 
Note: 
1 – from Section 0 
2 – from (Carloni et al. 2014) 
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to matrix-concrete debonding. The bond behavior of FRCM composited was however con-

sidered at the fiber-matrix interface. The close agreement between the numerical and experi-

mental results in terms of both load-displacement response and strain distribution at failure 

confirm the suitability of the adopted analysis approach. This analysis approach could further 

be used to study the influence of FRCM properties on the behavior of axially loaded RC walls, 

and to study FRCM strengthening strategies in the context of the global behavior of a building 

structure. 

The concrete crushing failure mode suggest that the full tensile capacity of the FRCM-

composite was not reached. This can partly be attributed to the mismatch in scale between the 

tested wall panels (half-scale) and the FRCM-composite (full-scale), which for practical reasons 

could not be avoided. However, the developed FE models could be used determine the min-

imum fiber reinforcement required to produce the concrete crushing failure leading to a more 

rational use of the fiber reinforcement. However, this is outside the scope of this study. 

6.7 Analytical model for ultimate strength 

Design models for axially loaded RC walls are predominantly empirical and generally ne-

glect the contribution of tensile reinforcement (Popescu et al. 2015). The problem of one-way 

panels can be assimilated to that of axially loaded columns, for which flexural and axial capacity 

enhancement strengthening can be treated using models based on second order analysis, distri-

butions and equilibrium of forces in a plane cross section. he problem of two-way panels is 

accommodated in design codes such as EC 2 (2005) and Standards Australia (2009) by intro-

ducing factors that reduce the magnitude of second order effects due to the additional bracing. 

Recently, Popescu et al. (2017b) proposed a method to evaluate the capacity of walls with 

 
Figure 6-12. FEA principal tensile (left) and compressive (right) strain for C-FRCM strength-
ened panels at failure 
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openings strengthened by CFRP confinement using a rigid-plastic approach. This approach 

shows promise for evaluating the ultimate capacity of RC walls strengthened with both FRP 

and FRCM composites, but the proposed formulation neglects second order effects and the 

contribution of tensile reinforcement to the wall’s capacity. 

This section presents a model for predicting the ultimate capacity of axially loaded wall 

panels based on yield line theory that considers the contribution of tensile reinforcement to the 

panel’s capacity, as well as second order effects, applicable to solid panels and panels with open-

ings with or without FRCM strengthening. The yield line method has been studied extensively 

in recent decades. However, there are only a few published examples of its use to predict the 

ultimate capacity of plain or lightly reinforced elements such as axially loaded walls. Such ele-

ments are typically strengthened with a single layer of reinforcing material, which is used to 

control cracks formed by creep, shrinkage and erection/transportation loads (Popescu et al. 

2017b).  

The yield line method was initially proposed by Ingerslev (1923) and further developed by 

Johansen (1962). The analysis can be performed in terms of ‘‘virtual work” by considering the 

plastic collapse mechanisms that may occur in the studied system (Popescu et al. 2017b). For a 

given set of loading and boundary conditions, multiple collapse mechanisms may be possible. 

The failure load is determined by the collapse mechanism that requires the lowest external 

energy, and hence applied force. Collapse mechanism are identified from experimental tests; 

those considered in this case (see Figure 6-13) involve fracture lines on the tension side as 

shown in Figure 6-6, and/or concrete crushing on the compression side. 

6.7.1 Idealized material models 

6.7.1.1 Concrete and FRCM composite matrix 

According to Model Code 2010 (2013), the ultimate strength of concrete under uniaxial 

stress state must be reduced to an equivalent plastic compressive strength using an effectiveness 

factor ν ≤ 1 because of the material’s brittleness and the influence of transverse strains on the 

concrete’s strength. Moreover, the effectiveness factor can be expressed as the product of fc 

and  – strength reduction factors reflecting the brittleness of concrete and the influence of 

transverse cracking, respectively. The equivalent plastic compressive strength for unconfined 

concrete is the product of fc and ν= fc , where fc is defined as: 

 ηfc=�fc0/fc �1/3
 ≤ 1.0 (6-3) 
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with fc0 = 30 MPa, and  = 0.55 for compression bands with reinforcement running obliquely 

to the direction of compression. 

In the case of FRCM strengthened specimens, to account for the difference in compressive 

strength and rigidity between the concrete and the mortar matrix an equivalent compressive 

strength is derived from the general rule of mixtures: 

 f'c=αmfc+(1-αm)εcuEm (6-4) 

where  the volume fraction, fc is the concrete strength, tc is the concrete thick-

ness, tm is the mortar thickness, cu is the concrete ultimate strength, and Em is the compressive 

modulus of the mortar matrix. cuEm represents the stress in the FRCM matrix corresponding 

to concrete crushing, and must not exceed the compressive strength of the mortar. 

6.7.1.2 Steel and FRCM fiber reinforcement 

The steel reinforcement was assumed to behave in a rigid – plastic manner in tension with 

the plastic stress being assumed to equal the reinforcement yield strength (fy). Due to the low 

reinforcement ratios for these loadbearing walls, the effect of steel reinforcement in compres-

sion was neglected. 

Considering the progressive nature of fiber-matrix debonding in FRCM composites, par-

ticularly for cases with long bonded lengths, FRCM composite fibers were assumed to behave 

in a rigid – plastic manner with a maximum stress of: 

 ffe=Ef εfe (6-5) 

where Ef is the fiber modulus of elasticity and fe is the maximum effective strain in the FRCM 

bundles determined from direct lap-shear tests. 

6.7.2 The yield line method 

Central to the yield line method is the assumption that the work dissipated along the yield 

lines (i.e. the internal work) is equal to the work done by the applied loads (i.e. the external 

work). This assumption yields a work equation of the following form: 

 � � quδ dx dy
L,H

0,0each region

± � nux,y dx dy
L,H

0,0
= � mbθ ds

l

0
 (6-6) 

where the first and second integrals represent the external work done by transversal and axial 

load, respectively, and the third integral represents internal work. 
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Figure 6-13. Possible failure mechanisms and yield lines for walls subjected to axial loading 
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In Eq. (6-6), qu represents transversal loads, nux and nuy are in-plane compressive forces in 

the x- (horizontal) and y- (vertical) directions, respectively, mb is the plastic moment capacity, 

out-of-plane displacement of the yield lines, and  is the rotation of regions delimited 

by yield lines about their respective axes of rotation (see Figure 6-13).

The plastic moment mb of a yield line can be determined rigorously from its horizontal and 

vertical components mx and my by considering the equilibrium conditions shown in Figure 

6-14. 

The tensile reinforcement’s contribution to the internal work of an orthogonal yield line 

can be expressed as follows: 

 ms= �1-
1

2

ts fy
ds fc

	 dsts fy (6-7) 

where ts is the equivalent thickness of tensile reinforcement, fy is the yield strength of the rein-

forcement, and ds is the effective depth of the steel reinforcement. For strengthened walls, the 

contribution of internal steel and the FRCM tensile reinforcement can be calculated in a similar 

manner: 

 mf = �1-
1

2

tf feff
df fc 	 df tf feff (6-8) 

where tf is the equivalent thickness of fiber reinforcement in tension, feff is effective strength of 

FRCM fibers, and df is the effective depth of the fiber reinforcement. 

A compressive membrane effect develops in concrete elements due to in-plane restraints 

provided by lateral supports on the element’s perimeter, and small out-of-plane displacements 

at failure. The membrane moment can be determined by considering a horizontally restrained 

unreinforced one-way strip that is transversally loaded by two symmetrical line loads as pro-

posed by Nielsen (1990). The membrane moment can be expressed as: 

 
Figure 6-14. Projection of yield line bending moments 
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 mc=
1

4
fc(t-δ)2 (6-9) 

To apply the model to the available experimental data, axial forces acting in the x-direction 

are assumed to be non-existent, axial forces acting in the y-direction are applied eccentric to 

the mid-plane of the wall along its weak axis, and transversal forces are determined by second 

order effects. Consequently, the contribution of the compressive membrane effect is only con-

sidered for the y-direction moment. 

By incorporating the contribution of the tensile reinforcement into mx and those of both 

the tensile reinforcement and compressive membrane action into my, mx and my can be ob-

tained from Eq.(6-10) and Eq. (6-11), respectively, for cases with or without strengthening. 

 my = � ms+mc, unstrengthened wall
ms+mf+mc, strenghtned wall  (6-10) 

 mx = � ms, unstrengthened wall
ms+mf, strengthened wall  (6-11) 

The external and internal work can be obtained using Eq. (6-6) and Figure 6-13, from 

which the failure load can be derived. Assuming a failure pattern as observed for solid walls 

and walls with small openings the following work equations were derived from Figure 6-13. 

 WE=nuy1δ
2

3H
(3δL0-4δx+L0t) (6-12) 

 WI=2δmx �H

x
+

my

mx

2L0

H
� (6-13) 

where L0 is the pier width, H is the panel height and x is indicated in Figure 6-13. 

Equating Eqs.(6-12) and (6-13) gives the following expression for a uniform in-plane com-

pressive force per unit length: 

 
nuy1=

3Hmx �H
x +

my

mx

2L
H  �

3δL-4δx+Lt
 

(6-14) 

The value of x that minimizes nuy1, is obtained by solving , which implies: 

  (6-15) 

Which leads to a quadratic solution for x with the following positive roots: 

 
x = �mxδH2 �4mxδH2+3myL

2(3δ+t)� ±2mxδH2

6myδL
 

(6-16) 

Eq. (6-22) is applicable to solid walls and walls in which the opening does not interrupt the 

diagonal yield lines. When openings interrupt diagonal yield lines (i.e. x>L0), the work done 
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and the ultimate uniform in-plane compressive force per unit length are derived from Figure 

6-13: 

 u 1 ( ) (6-17) 

 � � (6-18) 

 
� �( )  (6-19) 

Assuming the failure pattern observed for the FRCM strengthened walls, in which yield 

lines develop on the panel’s perimeter, the following work equations are derived from Figure 

6-13: 

  (6-20) 

  (6-21) 

where y is indicated in Figure 6-13. 

Equating the Eqs. (6-20) and (6-21) gives the following expression for a uniform in-plane 

compressive force per unit length: 

  (6-22) 

The ultimate axial load is calculated as: 

  (6-23) 

The failure loads predicted by the proposed formulas are summarized in Table 6-4, together 

with the test results from both experimental series (i.e. reported in Paper IV and Paper VI). It 

should be noted that the predicted values were evaluated using a safety factor of 1; in practical 

applications, a suitable safety factor should be used. 
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6.8 Conclusions 

The FRCM strengthening solutions contributed to the capacity and stiffness of panels with 

newly created openings. The capacity of the tested panels with small door-type openings was 

restored fully, while panels with large openings achieved 75% of the capacity of the original 

solid panel. Both C-FRCM and PBO-FRCM strengthening proved similarly effective for both 

opening sizes, providing between 48% and 85% increases in capacity relative to reference spec-

imens. Moreover, strengthening changed the panels’ failure mode from a failure mode involv-

ing loss of stability to concrete crushing. 

The FE modelling approach accurately predicted the behavior and failure mode of the 

unstrengthened and strengthened walls. The numerical results further confirmed the feasibility 

of using bond slip parameters determined from lap-shear tests to predict the behavior of FRCM 

strengthened members. This analysis approach could prove useful in analyzing the effectiveness 

of strengthening solutions having FRCM-composites of varied bond properties. Moreover, 

this FEA approach that accounts for FRCM bond-slip behavior determined using lap shear 

tests could be used to compute the required amount of fiber reinforcement for practical 

strengthening applications. 

Finally, analytical equations for evaluating the capacity of axially loaded RC walls with and 

without openings were proposed. The predictions obtained using this approach agree well with 

experimental data for strengthened and unstrengthened walls. 

Table 6-4. Comparison of predicted and experimental axial loads 

Name 
 mx1 my1 mx2 my2  L0 x ea  ny1 ny2  Nu Pmax  Nu/Pmax 
 [kNm/m]  [mm]  [MN/m]  [MN]  [-] 

Se
ri

es
 1

 SW  0.67 12.8 0.67 12.8  - 274 15  1.05 1.33  1.89 2.36  0.8 
SO  0.67 10.7 0.67 10.7  337.5 304 19  0.99 1.14  1.82 1.50  1.21 
LO  0.67 16.7 0.67 16.7  225 300 9.5  0.735 1.07  1.32 1.15  1.15 

                  

Se
ri

es
 2

 SW’  0.67 14.7 0.67 14.7  - 264 12.8  1.24 1.52  1.95 1.8  1.08 
SO1  3.04 33.1 0.61 13.9  337.5 501 9.0  3.01 1.59  2.15 2.13  1.01 
SO2  10.3 31.6 0.61 13.9  337.5 516 8.8  2.91 1.59  2.38 1.86  1.28 
LO1  3.04 35.8 0.61 15.8  225 - 5.8  1.28 1.72  1.15 1.33  0.86 
LO2  10.3 40.7 0.61 31.5  225 1180 6.7  1.55 1.72  1.39 1.35  1.03 

 



Chapter 7 

7 Conclusions and discussions 

7.1 Research questions 

I. Are FRCM composites effective strengthening solutions for axially loaded walls? 

The diversity of commercially available FRCM composites, which use a wide array of 

different fiber reinforcements and matrix compositions, gives rise to considerable variation in 

performance in terms of bond behavior, tensile capacity, and expected failure mode. Perhaps 

because of this diversity, the literature provides little guidance as to which composites are most 

suitable for strengthening applications, and more specifically for RC walls with openings. 

A literature study summarizing previously reported experimental tests on FRCM strength-

ened panels (Paper I) indicated that FRCM composites increase the capacity of axially loaded 

members by around 50% on average relative to unstrengthened members. Moreover, carbon 

and glass-FRCM composites appear to be similarly effective. 

The experimental tests presented in Paper II showed that FRCM composites consisting of 

uncoated fabrics with high elastic modulus fibers (e.g. carbon and PBO fibers), in which 

debonding occurs predominantly at the fiber-matrix interface, are more effective than compo-

sites using low elastic modulus such as (glass or basalt) fibers because of their greater axial rigidity 

and less brittle failure mode. Debonding at the fiber-matrix interface generally reduces the 

composite’s strength relative to its total fiber area. However, this failure mode is more desirable 

than cohesive failure at the matrix-substrate interface because it occurs progressively and limits 

the influence of the substrate’s properties. 

II. How should the bond properties of FRCM composites be characterized? 

The bond behavior of FRCM composites is usually studied experimentally using direct 

shear tests. Although direct shear tests are straightforward to perform, interpretation of the 

results from a limited number of contact measurements at predetermined discrete locations can 

be challenging because of complex issues such as matrix cracking and non-uniform load distri-

bution between fiber bundles. Experimental tests often show a wide variability in the load-slip 

response of FRCM-concrete joints, which may be linked to the shortcomings of existing mon-

itoring methods. Because experimental results are often used in model development and cali-

bration, it is important that they be accurate. 
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In Paper III a novel method based on non-contact optical deformation measurements for 

monitoring the strain and global slip of FRCM-concrete systems in single direct lap shear tests 

was proposed. The method achieved similar accuracy to traditional electrical resistance strain 

gages for measuring strain and allowed the simultaneous measurement of slip. The non-contact 

nature of the method allows the slip of each bundle in a specimen to be measured directly 

without having to attach additional reaction plates to the bundles that may introduce measure-

ment errors. Moreover, it achieved a higher measurement resolution because the strain and slip 

are obtained simultaneously for all bundles in a specimen. 

Numerical analyses were performed to determine the local bond-slip law parameters for 

each bundle within a Carbon-FRCM composite by inverse calibration. An idealized bilinear 

bond stress-slip law that accounts for friction was also evaluated. The results showed that the 

non-uniform load distribution between fiber bundles in FRCM lap shear joints could be di-

rectly attributed to the bond-slip parameters characterizing each bundle, which can vary sig-

nificantly. 

It is anticipated that this new measurement technique and bond-slip parameter extraction 

protocol will open up new avenues for the development of stochastic bond models for FRCM 

composites. Furthermore, given reliable data on the bundle strain-slip response, the extraction 

of the interface bond-slip parameters can be treated as an optimization problem that could be 

solved using several different established methods (e.g. genetic algorithms). This would enable 

a more robust statistical evaluation of the variability in the bonding of FRCM composites and 

facilitate the implementation of probabilistic approaches for evaluating the effectiveness of 

FRCM strengthening. 

III. What are the effects of cutout openings in RC walls? 

Only a few studies have examined the effects of cutout openings in loadbearing walls and 

most of these only evaluated the effect of openings on the capacity of isolated panels (as tested 

experimentally). Therefore, the effects of cutout openings in loadbearing walls on the global 

behavior of a building have not been investigated previously. 

The effects of cutout openings in RC walls were investigated in a first set of experimental 

tests on three half-scale reinforced concrete-panels with and without openings (Paper IV). It 

was concluded that cutout openings significantly decrease the axial capacity of axially loaded 

reinforced concrete walls. Moreover, the use of full field optical deformation measurement 

systems made it possible to monitor the development of crack patterns, which provided im-

portant insights into the behavior of panels with openings. Cracks originated from the corners 
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of the wall panels and progressed towards the panels’ center points, at angles of inclination 

between 40° and 50°, until they reached the opening. This suggested that the effectiveness of 

the strengthening could be maximized by placing additional fiber reinforcement towards the 

edges of the panels. This would ensure that the reinforcement is activated well before the 

panel’s ultimate capacity is reached. 

The effect of cutout openings in reinforced concrete walls on a global (building-level) scale 

was also investigated by numerical finite element analyses of a multi-story building with pre-

fabricated and cast-in-place loadbearing walls (Paper V). The numerical analysis approach was 

first verified by comparing numerical results to experimental data for reinforced concrete pan-

els.  

The results of the numerical analysis suggested that the capacity of reinforced concrete 

panels in real structures is considerably higher than that observed experimentally in isolated 

panels; however, the effect of cutout openings is comparable to that observed in experimental 

tests. In the studied building, and under the considered combination of loads, the cutout open-

ings were not predicted to induce the structure’s collapse or serviceability concerns, even when 

almost the entire area of solid walls on two consecutive stories was removed. However, sub-

stantial reductions in the structure’s robustness were noted. 

IV. Can FRCM composites effectively strengthen loadbearing walls with openings? 

A second series of tests were performed in which five half-scale reinforced concrete walls 

were axially loaded to failure (Paper VI). One was a solid wall, which served as a reference to 

the earlier experimental campaign; the other four panels had either small or large door-type 

openings. The panels with openings were strengthened with Carbon and PBO-FRCM com-

posites. 

The capacity of strengthened panels with small openings was entirely restored to that of the 

solid panel. However, for panels with large openings, only 75% of the solid panel’s capacity 

was restored. Compared to unstrengthened panels with small and large openings, the capacities 

of the strengthened panels were about 175 and 150 % higher, respectively. The strengthening 

solution increased both the in-plane and out-of-plane rigidity of the panels. The increased out-

of-plane rigidity can be attributed to the fact that the fiber reinforcement was placed uniformly 

over almost the entire wall’s surface, and so the fiber reinforcement was active early in the 

loading process. The out-of-plane rigidity of the solid wall was restored for all panels, whereas 

the in-plane plane rigidity was only matched for panels with small openings. The failure mode 
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of FRCM strengthened panels differed to their unstrengthened counterparts. The failure evi-

denced by concrete crushing at the bottom of the pier rather than yield lines originating from 

the panel’s corners was caused by: (i) inability to apply and anchor the FRCM composites all 

the way to the supports, and (ii) the mismatch of scale between reinforced concrete panels 

(half-scale) and FRCM composites (full-scale). The former, leading to case of over reinforcing, 

with reinforcement ratios similar to that of a full-scale panel strengthened with two layers of 

FRCM composites. 

Nonlinear finite element analysis has been widely adopted as an effective and reliable 

method for analyzing reinforced concrete structures. However, many key factors such as the 

choice of material constitutive models and parameters, choice of interfacial bond-slip models 

and parameters, and boundary conditions, must be optimized to ensure the validity of the 

results. Furthermore, besides the fact that quantifying the effectiveness of FRCM composites 

is in itself complex task, predicting the effectiveness of FRCM systems for strengthening an 

element also depends on both the mechanical properties of the cementitious matrix, and the 

mechanical and geometrical properties of the fiber nets. 

Therefore, a numerical modeling approach was developed and verified by comparison to 

experimental tests. By exploiting full field optical deformation measurement systems and fac-

torial designs, numerical models were calibrated to match the behavior of axially loaded rein-

forced concrete panels. Fiber-matrix bond-slip parameters extracted from direct lap shear tests 

were successfully incorporated into the numerical models of strengthened walls. The excellent 

agreement between the responses predicted by numerical analysis and experimental tests con-

firmed the suitability of the method. This numerical approach can further be used to investigate 

the influence of boundary conditions, fiber type, and composite properties on the effectiveness 

of FRCM strengthening. 

Furthermore, finite element analyses of existing buildings with cutout openings and FRCM 

strengthening can be performed to investigate the effectiveness of different strengthening strat-

egies. For example, the large opening in the first story of the building analyzed in Paper V was 

predicted to cause shear failure in the solid panel above the opening. In such cases, strength-

ening of the members adjacent to the walls damaged by cutout openings could substantially 

increase the effectiveness of the strengthening. It is anticipated that the new numerical method 

presented here will be a useful tool that will complement experimental studies and facilitate 

the development of improved design methods for strengthening axially loaded walls with open-

ings using externally bonded composites. 
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V. Is it possible to adapt a rigid plastic approach to predict the capacity of FRCM strengthened 

walls with openings? 

Design models for axially loaded reinforced concrete walls are predominantly empirical and 

generally neglect the contribution of tensile reinforcement (Popescu et al. 2015). The problem 

of one-way panels resembles that of axially loaded columns, for which flexural and axial capac-

ity enhancement strengthening can be described using models based on second order analysis, 

and strain distribution and equilibrium of forces in a plane cross section. The problem of two-

way panels is accommodated in design codes such as EC 2 (2005) and Standards Australia 

(2009) by introducing factors that reduce the magnitude of second order effects due to the 

additional bracing. Recently, Popescu et al. (2017b) proposed an approach for evaluating the 

capacity of walls with openings strengthened by CFRP confinement based on the yield line 

theory. The approach shows promise for evaluating the ultimate capacity of reinforced concrete 

walls strengthened with FRP and FRCM composites, but neglects second order effects and 

the contribution of tensile reinforcement to the wall’s capacity. 

Equations based on the yield line theory were derived to predict the capacity of walls with 

openings strengthened with FRCM composites, in which second order effects are incorpo-

rated. Perfect-plastic behavior in all constituent materials was assumed, which is a limitation 

when linear-elastic materials such as synthetic fibers are involved in the analysis. This drawback 

was avoided by taking advantage of the progressive nature of debonding in FRCM composites. 

The contribution of the FRCM composites was determined by considering the effective strain 

associated with fiber-matrix debonding. This approach yielded good agreement with experi-

mental results. The author believes that the proposed, closed form equations can be further devel-

oped and used to evaluate the ultimate capacity of reinforced concrete walls strengthened with 

FRCM composites. 

7.2 Future research 

It is the business science to collect facts, to arrange and to interpret them, and to draw 

inferences from them. In some cases and for some purposes, experiments more urgent to as-

certain new facts, than to trouble ourselves with the explanation of those we already have. 

Conversely, in other cases, it might not be possible to determine whether the putative causes 

of an event are either its true causes or its only causes. In such cases, it is even more essential 

to rigorously scrutinize our reasoning about the facts we already know than to seek additional 

facts. For this and other reasons, there is a need for studies with different merits and aims. Some 

studies must focus on the experimental tests while others must focus more on analysis. Both 
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kinds of studies must be performed thoroughly and draw on one-another’s findings if we are 

to develop a sound understanding of phenomena (for example, structural responses) and reliable 

guidance for the future (for example, reliable design guidelines). Hence, future research related 

to the subject of the thesis can be aggregated into four main directions: 

The literature study on the application of FRCM strengthening to wall panels revealed a 

lack of experimental tests on FRCM strengthening of concrete panels, walls with openings, 

and two-way panels. Therefore, more tests are needed to develop reliable analysis and design 

models. The nonlinear FE modelling method presented herein can be used to complement 

experimental tests. However, all experimental tests presented herein involved only short-term 

loading, so the long-term behavior of FRCM strengthening remains to be determined. More-

over, future tests that evaluate the fire resistance of durability of FRCM strengthened panels 

should be carried out. 

The application of the non-contact optical deformation measurement method proposed by 

the author was limited to FRCM composites containing bundles of dry carbon fibers, and only 

a limited number of tests were performed. However, the method could easily be applied to 

other types of FRCM-composites. Therefore, further experimental tests on FRCM composites 

with different fiber types, fiber spacing, and coatings are advisable. Although failure at the 

interface between the concrete substrate and the cementitious matrix was not an important 

failure mechanism for the FRCM composites examined in this work, further research on eval-

uating the behavior of the cementitious matrix-concrete interface is required.  

The results showed that buildings with reinforced concrete loadbearing walls are very ro-

bust and can accommodate even large cutout openings without apparent need for strengthen-

ing. However, openings significantly reduce the building’s robustness and change the path of 

forces in the structure, promoting failures in panels adjacent to those damaged by cutout open-

ings. This suggests that simply restoring the capacity of the wall with cutout openings is not 

sufficient to guarantee that the building’s initial global capacity will be retained. To this end, 

FE models can be used to analyze FRCM strengthening solutions for RC concrete walls with 

openings at the global level. In additional, several loading scenarios can be further studies such 

as in which wall panels need only withstand axial load but also shear loads due to earthquakes. 

It would be desirable to confirm the predictions of the finite element analyses trough compre-

hensive monitoring strategies of full-scale structure or parts of structures. The responses of 

complex structures can be monitored using full field deformation measurement methods and 

distributed fiber optic sensing methods that allow large amounts of data to be extracted from 
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one test. The resulting vast amount of measurement data could then be used to create sound 

finite element models that could be used to investigate different loading scenarios. 

Finally, further work will be required to validate the proposed analytical equations, including 

other FRCM and FRP-composites, walls with different slenderness and aspect ratios, and load ec-

centricities, to make it practically useful in assessments. For this purpose, the proposed finite element 

analysis approach could provide a framework for performing such analyses.
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Abstract This paper presents a non-contact mea-

surement approach, based on digital photogrammetry,

applied to the experimental study of the bond behavior

of fiber reinforced cementitious matrix composite

to concrete joints tested in single-lap direct shear tests.

The use of digital photogrammetry techniques and

traditional contact measurement approaches for deter-

mining displacement and strain are investigated and

compared. The results show that measurements of

strain in the fiber bundles determined using the image

correlation system (ICS) correlate well with those

obtained from electrical strain gauges. However,

differences of 38–52% were observed between the

maximum strain measured with either ICS or electrical

strain gages attached to the fiber bundles and the

maximum strain in the fiber bundles computed from

the maximum applied load. ICS is also used to

measure slip and strain of bare fiber bundles, and

results show that the load distribution among fiber

bundles is non-uniform. The proposed measurement

approach shows higher spatial measurement resolu-

tion and increased accuracy compared to traditional

contact approaches by enabling measurements in each

fiber bundle and overcoming the need to attach

additional elements to the tested specimen.

Keywords Bond � Carbon fiber � Digital image

correlation � Direct shear � FRCM composite � Point
tracking

1 Introduction and background

Fiber reinforced cementitious matrix composites have

recently been shown great interest by the research

community for strengthening of reinforced concrete

(RC) and masonry structures. Inorganic cement based

matrixes could represent a sustainable and durable

alternative to epoxy used in fiber reinforced polymer

(FRP) composites. The matrixes are cement based

mortars that are usually modified by the addition of fly

ash, silica fume, polymers, and/or short, low modulus

fibers that improve the strength, bond characteristics,
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durability, and ultimate deformation of the matrix [1].

The mortar matrix is reinforced with continuous fibers

in the form of a unidirectional sheet or a bidirectional

net to create the composite. Different names are used

for this type of composite including mineral based

composites (MBC), textile reinforced mortar (TRM),

textile reinforced concrete (TRC), and fiber reinforced

cementitious matrix (FRCM) composites. In this

paper, the term FRCM composites will be used. Types

of fibers commonly used in FRCM composites are

carbon, glass, steel, polyparaphenylene benzobisoxa-

zole (PBO), or aramid [2].

Studies reported so far in the literature demonstrate

that externally-bonded FRCM composites can be used

successfully in RC strengthening applications (e.g.,

flexure [3–6], shear [7–9], and confinement [10–13]).

The bond between the additional reinforcement and

the substrate to which it is applied is essential for load

sharing. Debonding failures are critical in strengthen-

ing applications because loss of composite action can

trigger global member failure. Thus, understanding

the transfer of force by bond between the FRCM

composite and concrete is important for formulating

appropriate design models.

The limited available research on the bond behavior

of FRCM composites suggests that debonding usually

occurs within the matrix as a progressive process at the

matrix-fiber interface [14–18], however other failure

modes, therefore mechanisms, have been reported

throughout the literature such as debonding with

cohesive failure in the substrate, debonding at the

substrate-matrix interface [3, 8], debonding at the

interface between two consecutive layers of matrix

[6], and fiber rupture [17]. Accordingly, the bond

behavior of FRCM strengthening systems depends on

both the bond between the embedded fiber bundles and

the matrix, and between the matrix and the concrete

surface [19].

The bond behavior of FRP-concrete joints has been

studied extensively using direct shear tests [20–25],

and more recently this type of test has been used to

study the behavior of FRCM composites bonded to

concrete (e.g., single-lap [2, 14, 26], double-lap

[27, 28]). Direct shear tests of FRCM-concrete joints

have been carried out to investigate the load response

and failure mode of the bonded composite and to

determine key aspects such as the load-carrying

capacity of the interface and the interfacial shear

stress–slip relation. To do so, contact measurements

with traditional sensors such as linear variable

displacement transducers (LVDTs) and electrical

strain gages have been used to determine the fiber

slippage and strain in the longitudinal fibers at pre-

determined and discrete locations. For example,

several studies havemeasured the slip at the composite

loaded end, termed the ‘‘global slip’’ g, by averaging

the displacement readings by LVDTs attached to the

concrete surface on either side of the composite and

reacting off a plate that is attached to the bare fiber net

just outside of the composite loaded end [2, 14, 26].

Also, axial strain profiles determined by uniaxial

electrical resistance strain gages mounted to the

longitudinal fibers at discrete locations along the

bonded length have been used to determine the

effective bond length [2, 14, 16, 18, 27] and the

debonding load using a fracture mechanics approach

[14]. The effective bond length is defined as the

minimum bonded length needed to develop the load-

carrying capacity of the interface. Strain profiles

determined in this manner were also used to determine

the fracture energy of the matrix-fiber interface

[14, 26].

Although direct shear tests are straightforward to

carry out, interpretation of the results from a limited

number of contact measurements at pre-determined

and discrete locations can be challenging considering

complex issues such as cracking on the surface of the

matrix [2, 29, 30], non-uniform load distribution

among individual fiber bundles [26], and eccentricity

between the applied load and supports [31]. Experi-

mental tests on FRCM-concrete joints often show a

wide variability in applied load-global slip response

[17], and this variability may be related to one or more

of the aforementioned factors. Since experimental

results are often used in model development and

calibration [32–34], it is important that the results

from experiments be well-understood.

Digital photogrammetry is a non-contact measuring

approach for identifying coordinates of points and

patterns in images obtained using imaging sensors

such as charged-coupled devices (CCD) at different

stages. Baqersad et al. [35] classified digital pho-

togrammetry techniques based on the targets used as

point tracking (PT), digital image correlation (DIC),

and targetless approach. In this study only PT and DIC

techniques were used. The PT technique identifies the

coordinates of discrete points using optical targets

mounted to test structures. The optical targets are
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found using an ellipse finding algorithm within each

image. A subpixel edge localization algorithm is used

to accurately determine the shape of the ellipse as the

generalization of a circle [36]. The coordinates of the

center of the fitted ellipse are identified using the

triangulation technique. The displacements of the

targets are determined by tracking the optical targets

in different time stages and comparing their coordi-

nates to the reference (unloaded) stage [35].

DIC is a full field technique that works based on

gray-scale variations of a continuous pattern, usually a

high contrast stochastic sprayed on pattern. Subsets of

an image are identified based on the stochastically

distributed image information (i.e. light intensity), and

the multi-dimensional displacement of each subset is

determined relative to its initial position. The individ-

ual displacement of all subsets in an image constitutes

the displacement field. DIC has become an accepted

method for measuring the surface displacement and

displacement gradients in solid mechanics. Currently

there are several commercial image correlation sys-

tems (ICS) available on the open market. ICS are

relatively simple to implement and provide a large

range of potential applications [23, 37, 38]. Additional

information on digital photogrammetry is summarized

in [35, 39].

This paper presents a non-contact measurement

approach, based on digital photogrammetry, applied to

the experimental study of the bond behavior of

FRCM-concrete joints tested in single-lap direct shear

tests. The current focus is to develop practical

techniques for studying the behavior of bonded FRCM

composites that provide more effective and non-

ambiguous results in order to aid in the understanding

of the stress-transfer mechanism within the composite.

The use of ICS and traditional contact measurement

(LVDTs and strain gages) approaches are evaluated

and discussed. Results of this study are intended to

provide a basis and guidance for future studies of the

bond behavior of FRCM composites.

2 Experimental campaign

2.1 Materials

The composite was comprised of a bidirectional,

balanced, dry carbon fiber net and a cementitious

mortar matrix. Mechanical properties of the fibers are

provided in terms of ultimate tensile strength, ff,

4700 MPa, ultimate tensile strain efu, 1.8%, and

modulus of elasticity, Ef, 240 GPa. The fiber net

geometrical properties are characterized by the center-

to-center bundle spacing, bf, 20 mm, bundle width, b*,

and bundle thickness t*. The cross sectional area of the

bundles, A�
b, was determined following the procedure

to obtain the linear mass density of bundles indicated

in [40]. Assuming a rectangular cross section, t* was

calculated by dividing A�
b by b

*, assumed to be equal to

5 mm. Based on a sample of six bundles taken from

one fiber net, the average value of A�
b was 1.057 mm2

with a coefficient of variation (COV) of 0.011. The

average value of t* was 0.210 mm with a COV of

0.055.

The matrix was a ready-mixed, cementitious,

shrinkage-compensated, fiber reinforced compound

mortar. The mean flexural strength ftm and mean

compressive strength fcm of the mortar were deter-

mined according to [41] and [42]. Nine

40 9 40 9 160 mm prisms were used to determine

ftm = 6.83 MPa (COV 0.173), and the resulting two

halves of each prism were tested in compres-

sion between 40 9 40 mm steel plates to determine

fcm = 32.8 MPa (COV 0.145). The samples were tested

at 28 days.

The concrete prisms were made of normalweight

portland cement concrete with the maximum aggre-

gate size of 10 mm. The mean compressive strength fc
of 59.3 MPa (COV 0.150) was determined according

to EN:12390-3 [43] at 28 days with six

150 9 150 9 150 mm cubes.

2.2 Test specimens

Composite strips were cast in place onto the surface of

unreinforced concrete prisms. All concrete prisms

were 125 9 125 9 500 mm. The fiber strips were

500 mm long containing three longitudinal fiber

bundles. The width b of the composite strip was

60 mm, so that three longitudinal fiber bundles of the

net would be fully embedded in the matrix. The

bonded length used in this study was lc = 330 mm and

was chosen based on previous studies indicating the

effective bond length of carbon FRCM composite is

longer than 200 mm [18]. It should be noted that

according to D’Ambrisi et al. [16] the effective bond

length of carbon FRCM composite is less than
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110 mm. Because of these different results, as a

conservative approach a relatively long bonded length

was used in this study.

The concrete surface was cleaned and prepared

with light sandblasting corresponding to a Concrete

Surface Profile number 3, as defined by the Interna-

tional Concrete Repair Institute [44], prior to applying

the composite. Wood forms were first attached to the

surface of the concrete prism to allow for good control

of the bonded area and thickness, then a mortar layer

(internal layer) of 4 mm thickness was cast onto the

concrete surface. The fiber net was subsequently

placed on the surface of the fresh mortar. A second set

of forms was attached on top of the fiber net to secure it

in place and to cast the external layer of mortar of

4 mm thickness, resulting in an 8 mm composite

thickness. The specimens were then cured in the

laboratory under normal ambient conditions (20 �C
and 50% relative humidity) until the day of testing.

In this paper three specimens are presented and

discussed in detail. The specimens presented are part

of a larger experimental program that included

different fiber types and different ages of composite

at test date as presented elsewhere [45]. Each group is

identified by acronyms indicating the fiber type

(C = carbon) and the age in days of the composite

at test date. The identification of a particular specimen

in a group is indicated by the last digit (for example,

C_28_2 indicates carbon fibers, age at test date of

28 days, second specimen of the series). The same

naming system is adopted in this paper for clarity. The

three specimens included in this paper are replicate

specimens from the same group. The specimens were

equipped with a variety of instrumentation (discussed

in Sect. 2.4) so that the results could be examined and

compared. The specimens are listed in Table 1.

2.3 Test setup and procedure

A single-lap (direct) shear test setup was adopted in

this study. A push–pull configuration was used in

which the composite fibers were pulled while the

concrete prism was restrained (Fig. 1a). A similar test

setup was used by others [2, 46, 47] to test other

FRCM-concrete joints. Two aluminum plates were

glued to the end of the fiber net using a thermosetting

epoxy resin (Fig. 1b, c). The aluminum plates were

then introduced between two steel plates that were

bolted together to clamp the fiber net. The steel clamp

was attached to a pinned joint through which the load

was applied to the bare fiber strips. The concrete prism

was restrained using a 50 mm thick steel plate

anchored with four 18 mm diameter rods to the fixed

end of the testing machine.

The loading was applied in displacement (machine

stroke) control at a rate of 0.05 mm/min using a closed

loop servo-hydraulic universal testing machine with a

maximum capacity of 600 kN. The testing machine

was equipped with load cell having a 3.75 N absolute

resolution and 0.36% expected measuring uncertainty.

The load was recorded at frequency of 10 Hz. Data

from the testing machine and the instrumentation

(discussed in Sect. 2.4) were acquired by data acqui-

sition systems controlled by personal computers.

Table 1 Summary of instrumentation and test results

Specimen Instrumentation Results Failure

mode

LVDTs

g

Electrical

strain
gages

ei;j

ICS Pmax �gPmax

i
�gPmax rPmax

P ePmax

P ev;Pmax

2 ePmax

2;1

VDTs
gi

VSGs
evi

Matrix strain
and

displacement

field

(kN) (mm) (mm) (MPa) (le) (le) (le)

C_28_1 7 7 4 4 4 0.779 0.738 – 246 1020 1250 – FDa

C_28_2 4 4 4 7 4 1.634 1.073 0.809 515 2150 – 5680 FDa

C_28_3 7 4 4 4 4 1.947 1.150 – 614 2560 4990 4870 FDa

Symbols 4 and 7 indicate whether measurements were acquired or not, respectively
a Fiber debonding
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2.4 Instrumentation

2.4.1 Non-contact measurements

A commercially available 3D ICS was used in this

study. The ICS system contains two 5Megapixel CCD

digital cameras equipped with 12 mm focal length

lenses, a data acquisition and storage system, and a

dedicated software for data processing and computa-

tion of measurements. Images were acquired with a

frequency of 1 Hz together with the corresponding

load provided by the load cell of the testing machine

Fig. 1 Test setup (a) photo, (b) and (c) schematic showing
locations of LVDTs (D1 and D2), strain gages, point markers,

and optical measurements for specimens C_28_2 and C_28_3,

respectively (gi denotes the location of global slip measurement
on fiber bundle; ei;j denotes electrical strain gage;evi denotes

virtual strain gage on the fiber bundle)
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(Sect. 2.3). The ICS was used to employ the PT and

DIC techniques.

The measuring volume is defined as the 3D space

that the ICS system can measure and for which it is

calibrated. For the tests in this study, the system was

calibrated following the manufacturer’s recommen-

dations for a measuring volume of

390 9 340 9 340 mm (width 9 height 9 depth).

The measuring volume contains a cloud of uniquely

identified measuring points, with a set of 3D Cartesian

coordinates (x,y,z). In this study, the origin of the

Cartesian coordinate system was chosen at bottom left

corner of the composite as shown in Fig. 1b, c.

In this work the PT technique was used to evaluate

displacement and strain of the composite fiber bundles

via virtual displacement transducers and virtual strain

gages described in the paragraphs that follow, while

the DIC technique was used to evaluate the displace-

ment and strain fields on the surface of the matrix.

Optical targets used for the PT technique were high

contrast adhesive markers with a defined circular

geometry and 1.5 mm diameter (Fig. 1c). For DIC

measurements, a white base layer was applied to the

surface of the specimen, and then black paint was

sprayed using an airbrush to create a high contrast,

random speckle pattern required for DIC (Fig. 1a, 1c).

Virtual displacement transducers (VDTs) were

defined and used to determine the global slip of

individual longitudinal fiber bundles gi (subscript

i = 1,2,3 denotes the bundle numbered from left to

right on the front of the specimen). gi is measured as

the change in distance between the measuring point on

the corresponding fiber bundle and a reference line

defined by Reference Point 1 and Reference Point 2

located on the top support steel plate that is assumed to

be fixed throughout the test. In Fig. 2, three VDTs are

defined from left to right with a number identifying the

longitudinal fiber bundle and are named VDT1,

VDT2, and VDT3.

Virtual strain gages (VSGs) were defined and used

to measure strain in the individual longitudinal fiber

bundles by determining the relative change in distance

between two point markers attached to the fiber

bundles. In this case strain is defined as a change in the

distance between two measuring points on the bundle

divided by the initial distance between them, referred

to as the gage length. Three VSGs are shown in Fig. 3

as evi . VSGs ev1,e
v
2, and ev3 were used to measure the

strain between point markers 10 and 11, 20 and 21, and

30 and 31, respectively, shown in Fig. 3.

DIC results were obtained using a 10 pixel facet

size at a step of 10 pixels. This choice of facet and step

size showed suitable resolution and accuracy, similar

to results presented by D’Antino et al. [31]. The

measurement accuracy of the ICS system was 0.037

pixels. For the measuring volume used, a displacement

Fig. 2 Definition of virtual displacement transducers (VDTs), specimen C_28_3
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accuracy of 0.006 mm and a strain accuracy of

1000 le was obtained.
Measurements acquired by ICS for each specimen

are summarized in Table 1.

2.4.2 Contact measurements

For one specimen (specimen C_28_2), the global slip

g was measured using two LVDTs, D1 and D2

(Fig. 1b), that were attached to the concrete surface

close to the composite edge and oriented parallel to the

bonded length. The rod of the LVDTs reacted against

an aluminum L-plate that was glued to the bare fiber

net outside of the bonded area. The average of the two

LDVT measurements is reported as �g.

Two specimens (specimens C_28_2 and C_28_3)

were instrumented with five uniaxial electrical strain

gages ei;j, with subscript i denoting the fiber bundle

and subscript j denoting the location of the strain gage

on the fiber bundle as shown in Fig. 1. The strain gages

were attached to the longitudinal fiber bundle using a

cyanoacrylate adhesive prior to casting the composite.

Measurements acquired by the LVDTs and electri-

cal strain gages for each specimen are summarized in

Table 1. Measurements from the LVDTs and electri-

cal strain gages were sampled at a frequency of 10 Hz.

3 Experimental results

3.1 General behavior, failure mode,

and maximum load

For each of the specimens presented in this paper,

failure was characterized by considerable slippage

between the fibers and matrix. Debonding occurred at

the fiber-matrix interface, and no damage was

observed at the matrix-concrete interface.

Cracking of the matrix was observed on the

composite surface of specimens C_28_2 and C_28_3

at the locations of electrical strain gages e2;2 and e2;3

after the maximum load. Cracking was likely caused

by a stress concentration due to the presence of the

strain gage [2] and large slips between the fibers and

the substrate accompanied by eccentricity in the

applied load [31]. Matrix cracking is discussed further

in Sect. 4.4.

The axial stress rP and strain eP in the longitudinal

fiber bundles associated with the applied load P are

defined by Eqs. (1) and (2), respectively:

rP ¼ P

nA�
b

ð1Þ

eP ¼ rP
Ef

ð2Þ

Fig. 3 Definition of virtual strain gages (VSGs), specimen C_28_3
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where n is the number of longitudinal fiber bundles

(n = 3). It should be noted that in Eqs. (1) and (2), rP
and eP are calculated assuming the load is shared

evenly between the bundles in the composite and that

the stress distribution over the bundle cross section is

uniform. Although previous studies [26] and [48] have

demonstrated that these two assumptions do not hold,

similar equations are often used to compare compos-

ites with different widths [14, 28] or different fiber-to-

matrix reinforcement ratios and have also been

proposed within procedures to provide engineering

parameters for externally bonded FRCM reinforce-

ment [17, 49].

Table 1 reports the maximum load Pmax, the

average global slip at the maximum load �gPmax

i

computed as the average of the slip measured on each

fiber bundle gi (measured using ICS), the average

global slip at maximum load �gPmax computed as the

average of the two LVDT measurements (specimen

C_28_2 only), the axial stress in the longitudinal fiber

bundles at the maximum load rPmax

P determined by

Eq. (1), the strain in the fibers at the maximum load

ePmax

P determined by Eq. (2), the strain in the central

fiber bundle measured by ICS ev2 at the maximum load

ev;Pmax

2 , the strain in the central fiber bundle measured

by electrical strain gauge e2,1 at the maximum load

ePmax

2;1 (specimens C_28_2 and C_28_3), and the

observed failure mode.

3.2 Load-global slip response

The applied load P-global slip responses for the three

specimens are shown in Fig. 4 in which the global slip

of each individual fiber bundle gi determined using

ICS is plotted. Figure 4 also plots the average global

slip, �gi determined as the average of the slip measured

on each fiber bundle gi for each load level. The

responses in Fig. 4 show that each specimen exhibits

an initial linear response. After a certain load level the

response becomes non-linear. After the maximum

load is reached, the applied load decreases with

increasing global slip until a constant value of P is

reached. The load responses resemble the idealized

response described by D’Antino et al. [14] for PBO

FRCM-concrete joints.

For a given load level, Fig. 4 shows that measure-

ments of global slip in individual fiber bundles gi are

generally consistent for specimens C_28_2 and

C_28_3 up to the maximum load. On the other hand,

measurements of global slip in individual fiber

bundles are significantly different for a given load

level for specimen C_28_1, which shows a sudden

change in stiffness at a maximum load of 0.779 kN.

This is believed to be caused by a non-uniform

distribution of load between the longitudinal fiber

bundles and is discussed further in Sect. 4.2. This

behavior was observed by other researchers in single-

lap shear tests of FRCM-concrete joints using contact

measurements [2].

Fig. 4 Applied load P and

axial fiber stress rP-global
slip g response of tested

specimens, average global

slip �gi and individual bundle
global slip gi
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3.3 Longitudinal fiber strain profiles

The variation of axial strain eyy along the length of the
central longitudinal fiber bundle measured with elec-

trical strain gages at different values of applied load P

is presented Fig. 5a, b for specimens C_28_2 and

C_28_3, respectively. The axes and strain gage

positions are defined in Fig. 1. The strains measured

outside of the bonded length at the maximum load

PmaxðePmax

2;1 Þ were 5680 le and 4870 le for specimens

C_28_2 and C_28_3, respectively (see Table 1).

In the profiles shown in Fig. 5, the strain in the fiber

bundles was considered constant over the length from

the location of e2;1 (y = 377 mm) to the beginning of

the bonded area (y = 330 mm). This assumption is

supported by findings reported in [2] on PBO FRCM-

concrete joints instrumented with electrical strain

gages placed in additional locations along the bare

fibers outside the bonded area.

Axial strains determined with ICS on the central

fiber bundle of specimen C_28_3 outside the bonded

region, ev2, are also plotted in Fig. 5b at the corre-

sponding location y for the same load levels as those

used to plot the electrical strain gage readings. Values

of ev2 determined with ICS show good correlation with

values determined by electrical strain gage e2;1 (i.e.,

within 5%).

The value of strains measured with the electrical

strain gage on the central bundle outside the bonded

region at the maximum load ePmax

2;1 , as well as the value

determined by ICS ev;Pmax

2 for specimen C_28_3, are

considerably higher than the value ePmax

P computed

using Eqs. 1 and 2 for applied load P = Pmax (see

Table 1). A similar observation was made other

authors [16, 27] and was attributed to the non-uniform

strain distribution among fibers within a single bundle.

However, the difference between ePmax

P and values of

ePmax

2;1 and ev;Pmax

2 can also be attributed to the non-

uniform load distribution between the longitudinal

fiber bundles as further demonstrated in Sect. 4.2.

The strain profiles plotted in Fig. 5 suggest that the

effective bond length of the carbon-FRCM composite

is longer than 200 mm but less than 330 mm. This is in

good agreement with results of Malena et al. [18], who

reported an effective transfer length of approximately

200 mm, and is different than results of D’Ambrisi

et al. [16] who reported an effective anchorage length

lower than 110 mm. It should be noted that both

results of [18] and [16] were obtained using masonry

substrates, however debonding was associated with

slippage of the fibers relative to the matrix, as in the

case of the present study.

The axial strain profiles in Fig. 5a for specimen

C_28_2 (with an L-plate used to measure g with the

LDVTs) show a decrease in strain along the bundle

length from e2,2 (y = 277 mm) to the location of e2,1
(y = 377 mm) at load levels close to the maximum

load. Strain fluctuations close to the loaded end were

also reported by Sneed et al. [2] at load levels close to

the maximum load, followed by a sharp increase in

recorded strain after considerable slip, which was

attributed to local bond conditions and debonding of

the electrical strain gage caused by large slips.

However, such behavior was not observed in this

study. It is possible that the attached L-plate plays a

role in the load distribution between the bundles, in

Fig. 5 Strain profiles along

the length of the central

longitudinal fiber bundle at

different applied load levels

for (a) specimen C_28_2

and (b) C_28_3
(measurements circled

correspond to values of

strain ev2 determined by ICS)
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this case concentrating more load in the central

bundle. Further studies are required to study this

issue, where the strain along the length of each fiber

bundle should be measured.

3.4 Matrix surface strain and displacement field

The ICS system was used to obtain the displacement and

strain fields on the surface of the specimens by means of

the DIC method. Figure 6a, c show the axial strain eyy
profile on the surface of the composite along the

composite bonded length at the maximum load for

specimens C_28_2 and C_28_3, respectively. The longi-

tudinal strains eyy were computed as the average over the

range from 4.0 mm\ x\9.0 mm, where x = 7.5 mm

corresponds to the center of the left bundle (bundle 1). The

left bundle was chosen for this analysis because the

presence of wires connecting the electrical strain gages to

the data acquisition system interfered with the images of

the ICS system over the center and right bundle.

Figure 6a, c shows that the values of axial strain on

the external surface of the composite were relatively

small (±1000 le) and are much smaller than values

measured in the central fiber bundle at various

positions y along the composite bonded length of the

same specimen (Fig. 5a, b, respectively). As noted in

[2], in the case of FRCM composites values of strain

must be determined on the fibers instead of the

composite surface, as is common in the case of FRP.

This issue presents a challenge in determining the

strain profiles using ICS, since measurements are

taken on the surface of the body, however one possible

approach is the method described by Carloni et al. [26]

where the external matrix layer was omitted thereby

exposing the fiber net.

Figure 6a and also show the longitudinal displace-

ment dyy of the matrix surface at x = 7.5 mm obtained

by DIC for different values of �gi for specimens

C_28_2 and C_28_3, respectively. The applied load

P-average global slip �gi relations for the correspond-

ing specimens are shown in Fig. 6b, d, respectively,

for comparison. Figure 6a, c show that at the average

global slip corresponding to the maximum load, very

small values of longitudinal displacement were

Fig. 6 Specimen C_28_2

(a) matrix surface
longitudinal displacement

dyy at x = 7.5 mm and

matrix surface longitudinal

strain eyy at maximum load,

and (b) corresponding load

P - �gi response; Specimen

C_28_3 (c) matrix surface
longitudinal displacement

dyy at x = 7.5 mm and

matrix surface longitudinal
strain eyy at maximum load,

and (d) corresponding load

P - �gi response

 172 Page 10 of 16 Materials and Structures  (2017) 50:172 



measured along the surface of the composite. As the

average global slip was increased, portions of the

matrix surface near the loaded end showed non-zero

displacement measurements that increased in magni-

tude and length in a step-wise manner with increasing

values of global slip. Further discussion on the surface

displacements is presented in Sect. 4.4.

4 Discussion

4.1 Comparison of load responses determined

by LDVT and ICS measurements

The top part of Fig. 7 shows the applied load-global

slip response of specimen C_28_2 in which the dashed

lines represent the displacement measurements of the

individual LVDTs, and the solid lines represent the

global slip gi of each bundle measured with ICS. The

use of LVDTs reacting off the L-plate glued on the

bare fibers yielded values that were initially negative

caused by the rotation of the L-plate about the x-axis

(i.e., out-of-plane of the composite). Because the bare

fiber net is flexible, when the bundles are not

tensioned, the spring in the two LVDTs is strong

enough to cause the rotation of the L-plate at the initial

stage. Together with the increase of the applied load P,

the bundles straighten as a result of tensioning. This in

turn rotates the L-plate back, perpendicular to the fiber

net, causing negative readings of LVDTs as shown by

the plots of D1raw and D2raw. After a load level of

P = 0.8 kN it was observed that the L-plate stabilized,

and the LVDT measurements were adjusted to zero.

The adjusted curves are shown as D1 and D2. The

correction can be considered equivalent to pretension-

ing the fibers at the beginning of the test. It should be

noted that details about such specimen preparation or

adjustments are not commonly reported in the avail-

able literature. Also, several types LVDT-plate

assemblies have been used in single lap direct shear

tests of FRCM-concrete joints [2, 17, 46], however it is

not discussed if such effects were observed.

On the other hand, measurements with ICS did not

appear to be influenced by the rotation of the L-plate at

the beginning of the test. The ICS-measured slip of

each fiber bundle is shown by the g1, g2, and g3 curves,

which are similar to the D1 and D2 (corrected) curves.

The bottom part of Fig. 7 compares the applied load

P-global slip �graw response, obtained by averaging the

values of D1raw and D2raw, and the P-global slip �g

response, obtained by averaging the D1 and D2 values,

to the applied load P-global slip �gi response, obtained

by averaging g1, g2, and g3. It can observed that the

P - �g and P - �gi responses are similar in shape,

although the P - �g response shows a higher initial

rigidity compared to the P - �gi response. This is

believed to be the result of the initial prestress and

rotation of the L-plate around the x-axis. Therefore the

initial rigidity is slightly overestimated when using

measurements from the LVDTs. These results suggest

that ICS measurements are able to capture better the

initial load response of FRCM—concrete joints. The

onset of the nonlinear response of the joint can bemore

easily identified and the scatter observed in the linear

response [17, 32, 33] can be reduced.

4.2 Load distribution between fiber bundles

The impregnation of the matrix into the fiber bundles

of FRCM composites can differ from bundle to bundle

causing the applied load to be shared unevenly

between the bundles. The non-uniform load distribu-

tion was evidenced and studied by Carloni et al. [26]

by a rigid rotation of the plate attached to the bare fiber

bundles used to measure g, however the discrete

Fig. 7 Load P versus LVDTs displacement and global slip gi
measurements (top) and load P versus �graw (average of D1raw

and D2raw), �g (average of D1 and D2), and �gi (average of g1, g2,
and g3) (bottom) for specimen C_28_2
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distribution of the load among the different fiber

bundles could not be quantified in that study.

In specimen C_28_2 the non-uniform distribution

of the load is evidenced in Fig. 7 by the difference in

the D1 and D2 curves, determined by the two LVDT

measurements. A similar non-uniform distribution can

be observed from the difference in g1, g2, and g3 curves

of the ICS measurements.

Individual measurements gi on each bundle also

show that the load distribution among the bundles is

not linear across the width of the composite. Instead it

is influenced by the random nature of the bonding

properties between the fibers and matrix. The load

distribution can be better observed on specimen

C_28_1 (Fig. 4) where, due to a more pronounced

non-uniformity of the load, the specimen failed

prematurely. In specimen C_28_1 one bundle (bundle

3, corresponding to g3) appeared to have better bond

with the matrix than the other two bundles. This

explains the high discrepancy in the maximum loads

between specimen C_28_1 and specimens C_28_2

and C_28_3 (Table 1).

Using ICS, the strain in each bare fiber bundle evi
can be associated to the global slip of each bundle gi.

Figure 8 shows the evi - gi behavior of the three

longitudinal bundles for specimen C_28_3. For com-

parison, the e2;1 - g2 response is also plotted in the

graph where e2;1 is the value determined by the

electrical strain gage mounted outside the bonded

region (see Fig. 1c). The measured response of bundle

2 using the electrical strain gage e2;1 and ICS ev2 shows
good agreement. The strain ev2 measured with ICS

shows higher noise than the strain measured with the

electrical strain gage e2;1. The accuracy of evi can be

increased by using an ICS with higher camera

resolution or longer gage length.

In Fig. 8 it can be observed that all bundles attain

similar maximum strains (i.e., between 4850 and 5700

le), however the overall pullout behavior of each

bundle is significantly different. For reference, the

global slip measured in each bundle at the maximum

load gPmax

i is indicated by dashed lines in the figure.

Figure 8 shows that at maximum load (as indicated by

the corresponding values of gPmax

i ), the strain level in

the bundles varies substantially (i.e., values of ev1, e
v
2,

and ev3 are 1587, 4990, and 3994 le, respectively). The
responses also show that the debonding process of the

individual fiber bundles can start before the maximum

load is reached (bundles 1 and 3) or after (bundle 2).

These results obtained by ICS exemplify the non-

uniform distribution of the applied load between the

bundles based on the measured strain. The authors

assume that the non-uniform load distribution is a

result of stochastically distributed bond properties

between the fiber bundles and the matrix that influence

the axial stiffness of the bundle, despite the load being

applied uniformly to the bundles through the epoxy

bonded aluminum plates. In the case of specimen

C_28_3, cracking of the matrix was not observed until

later in the debonding process, which suggests that

although cracking can influence the load distribution

between the bundles, there are other reasons why the

load is not uniformly distributed, even in the appar-

ently elastic part of the response.

4.3 Longitudinal fiber bundle strain

Strains in the longitudinal fiber bundles in FRCM

composites have been shown to vary across the cross

section of the bundle [48]. Because the matrix cannot

fully penetrate in between the fibers of the bundle, the

fibers in the outside sleeve are more heavily stressed

than the fibers in the core of the bundle. The bare fibers

bundles outside the composite bonded area (from

y = 330 mm up to the clamped end) are expected to

have this same distribution across the cross section of

the bundle.

Fig. 8 Strain at loaded end evi—global slip gi (for each bundle)

for specimen C_28_3 (dashed lines indicate the value of global

slip in each bundle at maximum load gPmax

i )
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As mentioned in Sect. 2.4.1, the point markers used

to define the VSGs were self-adhesive stickers

attached the surface of the bundle (to the fibers in

the outer layer of the bundle) (Fig. 1c). If the

assumption that the strain in the outer layer of fibers

of a bundle as defined in [48] is constant holds, then

the strain measured using VSGs represents the strain

in the outer layer (sleeve), and is therefore expected to

be larger than the average strain in the fiber bundle. On

the other hand, electrical strain gages were glued to the

fiber bundle using a cyanoacrylate adhesive with a

relatively low viscosity. Besides bonding the electrical

strain gage to the fibers, the adhesive impregnates the

bundle and bonds the fibers together, possibly influ-

encing the local stress distribution over the bundle

cross section and the debonding of the bundle from the

matrix. However, the typical tensile modulus of

cyanoacrylate adhesive is 1.2 GPa, therefore the

influence can be considered small, and the strain

measured by electrical strain gages can be assumed to

be the strain in the outer sleeve of the bundle. The good

correlation between the strains measured outside the

composite bonded region with ICS and the electrical

strain gages in Fig. 5b confirms the assumption that

the strain measured with strain gages is indeed the

strain in the bundle outer sleeve fibers.

Differences of 38–52% were observed between the

values of maximum strain in fiber bundles obtained

from the maximum applied load and values measured

with either electrical strain gages attached to the fiber

bundle or using the ICS. On the other hand, results of

Sneed et al. [2] show that the strain measured with

strain gages coincides with the computed average

strain in the bundle based on the applied load

suggesting that glued-on strain gages provide the

average strain in the bundle rather than the strain in the

outer sleeve bundles. However, the results in that

study were obtained based onmeasurements from only

one bundle of the composite and could be influenced

by the previously discussed non-uniform load distri-

bution load between the bundles.

4.4 Significance of matrix surface strain

and displacement measurements

The matrix surface strains depicted in Fig. 6a, c show

oscillations with a maximum amplitude of 1000 le. In
the study by D’Antino et al. [31] oscillations of similar

nature and magnitude were observed and attributed to

the presence of the transversal bundles of the fiber net.

According to Mazzoleni [50], DIC presents higher

uncertainties for constant displacement fields (zero

strain), and the uncertainty decreases with the increase

of deformation. For the measuring volume used in this

case, strains below 1000 le are below the system’s

measurement noise level, and therefore Fig. 6a, c

indicate a zero strain state on the matrix surface. The

assumption of a zero strain state on the matrix surface

is confirmed by the constant displacement fields

depicted in Fig. 6a, c and is in good agreement with

findings of D’Antino et al. [31] showing a rigid body

motion of the external matrix layer. However increas-

ing the measuring accuracy or changing the measure-

ment field size could possibly lead to different results.

After the maximum load, at a global slip value �gi of
1.60 and 1.70 mm for specimens C_28_2 and C_28_3,

respectively, cracks appeared on the matrix surface

spanning across the composite width on both speci-

mens. Cracks appeared when the strain in the matrix

exceeded the ultimate tensile strain of the mortar. The

presence of strain gages most likely resulted in local

stress concentrations in the matrix at large values of

slip. The formation of cracks is shown in Fig. 6a, c as a

sharp increase in the longitudinal displacement indi-

cating their location along the bonded length. At

�gi = 3.60 mm for both specimens two cracks and their

locations can be observed in Fig. 6a, c. Figure 6a, c

also show that the displacement field between the

cracks is constant suggesting rigid body motion of the

segments of the external matrix layer.

In general the load response of the FRCM-concrete

joint is influenced by the presence of cracks in the

matrix [31]. In Fig. 6 it can be observed that the

formation and opening of the first crack is associated

with a sudden drop in the applied load. Since the first

crack appears after the maximum load, the stress

transfer mechanism between the fiber bundles and the

matrix up to maximum load is not affected for the

specimens considered.

5 Conclusions

A non-contact measurement approach based on digital

photogrammetry, applied to the experimental study of

the bond behavior of FRCM-concrete joints by single-

lap direct shear tests, was presented in this paper. The

tests were carried out in a universal testing machine
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and instrumented with both traditional contact mea-

surement systems (LVDTs and electrical strain gages)

and state-of-the-art non-contact ICS (including PT and

DIC techniques). A method using a commercially

available ICS to measure the global slip g and strain in

the bare fiber bundles at the loaded end was proposed.

Based on the results of this study and discussions

concerning contact and non-contact measuring meth-

ods presented herein, the following conclusions can be

made:

• The strain in the bare fiber bundles at the loaded

end measured using ICS (PT method) showed

good correlation with the measurements obtained

from electrical strain gages;

• Using the ICS (PT method) the load-global slip

response of each individual fiber bundle, and of the

FRCM-concrete joint, can be determined with a

higher accuracy compared to LVDTs and over-

come the need to attach additional elements to the

tested specimen;

• ICS results demonstrated that in single-lap direct-

shear setups, the applied load is not distributed

uniformly to the fiber bundles but rather is

randomly distributed based on the bond properties

of each bundle;

• Differences of 38–52%were observed between the

values of maximum strain in fiber bundles com-

puted from the maximum applied load and values

measured with either electrical strain gages

attached to the fiber bundle or using ICS (PT

method). These results show that approximating

the strain in the fiber from the maximum load may

not be representative of the actual strain in the fiber

bundles, and can even lead to erroneous results;

• Crack detection and localization in the composite

matrix was determined using DIC. Sudden drops in

the applied load were shown to be correlated with

the formation of cracks;

• Debonding of the carbon-FRCM composite in this

study occurred at the matrix-fiber interface. The

axial strain distribution along the bundle length

suggests an effective bond length between

200 mm and 330 mm.

While the results presented in this study are based

on a limited number of specimens, the authors believe

that the advantages of digital photogrammetry (espe-

cially the point tracking method) over contact instru-

ments discussed herein can greatly aid the study of the

complex behavior of FRCM-concrete joints in future

experimental tests.
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Effect of Cut-Out Openings on the Axial Strength
of Concrete Walls

Cosmin Popescu, S.M.ASCE1; Gabriel Sas2; Cristian Sabău3; and Thomas Blanksvärd4

Abstract: Old structures are frequently modified to comply with current living standards and/or legislation. Such modifications may include
the addition of new windows or doors and paths for ventilation and heating systems, all of which require openings to be cut into structural
walls. However, effects of the required openings are not sufficiently understood. Thus, the objective of the work reported here was to analyze
openings’ effects on the axial strength of large concrete wall panels. Three half-scaled walls with two opening configurations, corresponding
to small and large door openings, were subjected to a uniformly distributed axial load with a small eccentricity. The results indicate that the 25
and 50% reductions in cross-sectional area of the solid wall caused by introducing the small and large openings reduced the load-carrying
capacity by nearly 36 and 50%, respectively. The failure progression was captured using digital image correlation technique and the results
indicated involvement of a plate mechanism rather than uniaxial behavior as adopted in current design codes. Using a simplified procedure,
the load-carrying capacity was predicted using existing design models found in the research literature and design codes. DOI: 10.1061/
(ASCE)ST.1943-541X.0001558. © 2016 American Society of Civil Engineers.

Author keywords: Concrete walls; Openings; Axial load; Out-of-plane behavior; Digital image correlation; Concrete and masonry
structures.

Introduction

Refurbishment of concrete structures has greatly increased in recent
decades due to aging, changes in role (e.g., conversions of apart-
ment buildings to office spaces), design errors, construction faults,
and exceptional events such as natural disasters or explosions.
Sometimes this involves cutting out new openings, which causes
changes in structural parameters that should be rigorously assessed.
This paper deals with methods for assessing the effects of creating
openings in existing concrete walls.

Openings are usually avoided in RC structural elements, when-
ever possible, in order to minimize unfavorable effects of discon-
tinuous regions. However, in recent years there has been increasing
interest in enlarging spaces by connecting adjacent rooms through
creating openings in existing solid walls. These openings are a
source of weakness and can size-dependently reduce the structures’
stiffness and load-bearing capacity. It is generally believed that
effects of small openings can often be neglected, while a large
opening usually significantly alters the structural system (Seddon
1956b), but there is no clear definition of the size threshold in the
literature.

Numerous experimental studies have examined the behavior of
solid RC walls, but the performance of RC walls with openings has
been studied much less intensively, although new openings may be
required for various reasons, e.g., to install new doors, windows, or
paths for ventilation or heating systems. Exceptions include con-
tributions by Ali and Wight (1991), Taylor et al. (1998), Wang et al.
(2012), Mosoarca (2014), and Todut et al. (2014). However, the
cited studies focused on structural walls subjected to seismic
forces; effects of openings in walls that are only designed to with-
stand axial compression loads have received much less attention.
Literature on the behavior of axially loaded walls has been re-
viewed by Fragomeni et al. (1994) and Popescu et al. (2015). Both
of these reviews concluded that the performance of walls with
openings has not been thoroughly addressed, and some results
are conflicting, thus more experimental tests are needed. For exam-
ple, it is generally believed that reinforcement does not significantly
affect the ultimate load (Pillai and Parthasarathy 1977). However,
Ganesan et al. (2013) found that all equations in the literature are
conservative, and thus proposed a model that takes into consider-
ation the amount of reinforcement and “was found to compare
satisfactorily with the experimental results.” Furthermore, most rel-
evant research has focused on one-way (OW) action walls (panels
restrained only along their top and bottom edges). Walls restrained
in this fashion tend to develop a single out-of-plane curvature par-
allel to the load direction, and are usually encountered in tilt-up
concrete structures. Walls or panels restrained along three or four
sides are referred to as two-way (TW) action panels. They generally
deform in both the horizontal and vertical directions, are usually
found in monolithic concrete structures, and their behavior has also
received relatively little attention. However, some aspects of the
behavior of OW and TW walls have been addressed, and relevant
previous studies include the following. The first systematic study of
axially loaded OW and TW concrete walls with openings was re-
ported by Saheb and Desayi (1990b), who examined effects of as-
pect, thickness, slenderness, and steel reinforcement ratios (vertical
and horizontal) on their ultimate load. Doh and Fragomeni (2006)
and Fragomeni et al. (2012) subsequently reported two experimental
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programs on walls with different opening configurations and
slenderness ratios, which provided foundations for calibrating sim-
plified design equations for predicting ultimate load capacities
(Doh and Fragomeni 2006; Guan 2010).

Design codes such as AS 3600 (Standards Australia 2009) and
EN 1992-1-1 (CEN 2004) provide some guidance. According to
these codes, effects of an opening can be neglected if the wall
is restrained on all sides, and the opening’s area and height are less
than 1/10 and 1/3 of the wall’s total area and height, respectively. If
these conditions are not met, the portion between a restraining
member and opening has to be treated as a separate member, sup-
ported on three sides, and areas between openings (if there are
more than one) must be treated as being supported on two sides.
However, the effect of walls being restrained along all their sides is
not recognized by two major codes [ACI 318 (2011) and CAN/
CSA-A23.3 (Canadian Standards Association 2004)], and all
current design codes ignore the contribution of the steel reinforce-
ment to the axial strength. The validity of ignoring this contribution
is supported by some empirical data (Pillai and Parthasarathy 1977)
for reinforcement placed within one layer, but not when two
reinforcing layers are used (Fragomeni and Mendis 1997).

A recent state-of-the-art review (Popescu et al. 2015) high-
lighted gaps in this research field, and aspects that warrant system-
atic analysis to improve both understanding of the behavior of walls
with openings and design provisions. These aspects include boun-
dary conditions, eccentricity, layout and ratio of the reinforcement,
slenderness, aspect ratio, and the focal aspect of this work: effects
of openings’ sizes. Three half-scale walls were tested in TW action
and subjected to axial loading with small eccentricity. The results
were then used to assess the accuracy of current design models. The
reported work is part of a larger research program on the effective-
ness of fiber-reinforced polymers (FRPs) for strengthening large
concrete panels when new openings are made. Use of FRPs has
already proved to be a viable solution when cut-out openings
are required in structural elements (Li et al. 2013; Todut et al. 2015;
Floruţ et al. 2014), but the ongoing program is expected to signifi-
cantly extend the findings and their practical utility.

Research Significance

Most previous studies on the effects of openings in RC walls have
focused on design aspects of walls with appropriate reinforcement
detailing around the edges of the openings. In contrast, the exper-
imental study reported here addresses assessment of the axial
strength of walls with openings introduced in structures that have
already been built. This is a problem that frequently arises in re-
furbished structures in which there is very limited scope for proper
detailing around openings. Moreover, effects of door-type openings
have not been investigated as intensively as window-type openings,
and only one study (Mohammed et al. 2013) has investigated ef-
fects of window-type cut-out openings in OW walls. Thus, this
study addresses a clear research gap. Furthermore, previous
studies have only captured crack patterns (which are influenced
by openings’ sizes, among other factors) at failure, while in this
study three-dimensional digital image correlation (3D-DIC) was
used to investigate behavior at both service and ultimate limit
states. This has provided better overviews of the failure mechanism
by recording the crack pattern development and deformation of
the walls throughout the loading history. In addition, the proposed
procedure for evaluating the capacity of walls with openings by
treating them as hybrid systems, i.e., a combination of series
and parallel subsystems, provided good agreement with the test
results.

Specimen Design and Construction

Three specimens designed to represent typical wall panels in
residential buildings at half-scale (1,800 mm long, 1,350 mm tall,
and 60 mm thick) were constructed for testing to failure. One
was a solid panel, one had a symmetric half-scaled single door-
type opening (450 × 1,050 mm, hereafter small opening), and the
other had a symmetric half-scaled double door-type opening
(900 × 1,050 mm, hereafter large opening). For convenience, these
specimens were designated I-C, I-S, and I-L (solid, small opening,
and large opening, respectively). Small and large are used here as
convenient designations rather than as clearly delimited terms with
specific thresholds and implications. The specimens’ dimensions
are illustrated in Fig. 1.

The specimens were all cast as solid panels, i.e., with constant
thickness, no voids, and no insulating layers. They are considered
as load-bearing concrete walls designed to carry vertical loads with
no transverse loads between supports or lateral in-plane forces. The
specimens represent interior walls of a structure with regular floor
plans that carry only axial loads. However, pure axial loads rarely
occur in practice, eccentricity is usually present. Thus, a predefined
eccentricity of one-sixth of the wall thickness was applied in the
loading to represent permitted imperfections in several design co-
des [ACI 318 (2011), AS 3600 (Standards Australia 2009), and EN
1992-1-1 (CEN 2004)] due to thickness variations and misalign-
ment of the panels in the construction process. These deficiencies
would cause offsets of the front or rear faces of the panels, thus
affecting the eccentricity. Recommended tolerance limits for the
accumulated misalignment and thickness variation in published
guidelines (Ascent 2012) are a 12th of the wall’s thickness (smaller
than the eccentricity chosen here). In this manner the walls can still
be considered as concentrically loaded (Pillai and Parthasarathy
1977), allowing specimens to be treated as compression members.
Consequently, the resultant of all loads passes through the middle
third of the wall’s overall thickness, enabling evaluation of the
empirical methods in design codes [ACI 318 (2011) and AS 3600
(Standards Australia 2009)] and research literature (Doh and
Fragomeni 2006). Results obtained from the empirically developed
design models may deviate from real values in cases where there is
greater eccentricity due to the presence of, for example, wind loads.

The design codes all specify minimum wall reinforcement,
primarily to control cracking due to shrinkage and temperature
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stresses. For example, ACI 318 (2011) states that the minimum
vertical wall reinforcement does not increase the axial strength
of a wall above that of a plain concrete wall; however, the vertical
and horizontal reinforcement to cross-section area ratios should be
at least 0.12 and 0.20%, respectively. Consequently, welded wire
fabric reinforcement was used to reinforce the walls, consisting
of deformed 5-mm-diameter bars with 100-mm spacing in both
orthogonal directions and centrally placed in a single layer. The
vertical and horizontal steel reinforcement ratios resulting from this
configuration are 0.327 and 0.315%, respectively. The specimens
with openings were detailed to replicate solid walls with sawn cut-
outs, i.e., no additional reinforcement was placed around the edges
or corners of the openings. When scaling the specimens it would be
difficult to scale reinforcement for practical reasons (bars with less
than commercially available diameters would be needed). Hence,
the reinforcement ratio was higher than the minimum required.
Nevertheless, the detailing (a single layer of reinforcement centrally
placed) allowed the elements to be treated as unreinforced ele-
ments, with no contribution to their capacity from reinforcement.

In order to avoid misalignment of the reinforcement in the
molds, the dimensions of the reinforcement mesh were measured
from edge to edge of the concrete wall (i.e., bars were cut off with
no additional anchorage provided at the specimen’s edges such as
bends or hooks). Before casting, electrical resistance strain gauges
(5 mm long, 120 Ω nominal resistance) were bonded to the
reinforcement. To avoid malfunction due to agents in the surround-
ing environment (i.e., water or mechanical damage), the strain
gauges were protected by sealing using aluminum foil coated with
a 3-mm layer of kneading compound. The walls were cast in a
long-line form in lying position resting on a steel platform. The
reinforcement layer was centrally placed with the horizontal bars
resting on 25-mm-high plastic chairs. To avoid risks of premature
cracking due to handling (which could have arisen because no addi-
tional reinforcing was used) a cast-in-steel plate was attached at the
bottom of each pier. Then a steel tie was welded to the plate, tem-
porarily connecting the piers and effectively stiffening the wall. The
tie was removed prior to testing. The walls were manufactured at a
local precast concrete plant in an indoor area with controlled curing
conditions. On reception, the specimens were visually inspected for
casting defects. No air voids or stains were observed on the exposed
surfaces. Regions around openings were also inspected for cracks
due to handling. None were found. No tolerances were specified in
the technical drawings; the contractor was instructed to follow stan-
dard practices for this kind of element.

Material Properties

The concrete used to cast the specimens was a self-consolidating
mix that could be poured without vibrating it, including Dynamon
NRG-700 (MAPEI AB, Sweden), a superplasticizer added to pro-
vide high workability and early strength. The target design strength
for the concrete (class C32/40) was chosen to reflect standard
Swedish construction practices. However, because the specimens
were allowed to harden in the formwork for only 48 h, ensuring
high early strength was very important. Hence, the actual compres-
sive strength was higher than expected, but this does not compro-
mise the study’s objectives. Information on the mix proportion is
provided in Table 1. To determine mechanical characteristics of the
concrete (average compressive strength, fcm, and fracture energy,
GF), five cubes and beams with standardized sizes were cast and
cured in identical conditions to the specimens. The ultimate com-
pressive strain in the concrete, εcu, was computed as a function of
the cube strength [Eq. (1)] according to EN 1992-1-1 (CEN 2004).

Welded wire fabric (grade NPS500) was used to reinforce the walls,
with characteristic and design strengths of 500 and 435 MPa, re-
spectively. In addition, five coupons were taken from the reinforc-
ing steel meshes and tested to determine their actual stress-strain
properties. The results [means and corresponding coefficients of
variation (COVs)] are given in Table 2

εcu ¼ 2.8þ 27½ð98 − fcmÞ=100�4 ð1Þ

Test Setup and Loading Strategy

The following considerations were applied when designing the
test rig:
1. The side edges were restrained to simulate TW effects for real

transverse walls under as-built conditions that permitted rotation
but prevented translation (Section 1-1 in Fig. 2).

2. It had to simulate hinged connections at the top and bottom
boundaries of the specimen. To apply eccentric loading, a steel
rod was welded to each loading beam, designed to fit into a
guide system attached to the top and bottom of the specimen
(Section 2-2 in Fig. 2). This detail provided a hinge connection
that allowed full free rotation. At each contact surface between
the specimen and the steel loading beams, a 2-mm strap of
deformable plywood was introduced to limit local damage
due to surface irregularities.

3. The walls would be loaded gravitationally with a small eccen-
tricity at both ends (one-sixth of the wall thickness) to simulate
effects of imperfections that occur in normal construction prac-
tices and are accounted for in standards.
Four hydraulic jacks, each with a maximum capacity of 1.4 MN,

were networked together to enable a single operator to apply a uni-
formly distributed load, with controlled total force, along the wall
length (through the loading beam with a slope of 1∶1, i.e., under 45°
as shown in Fig. 2). The hydraulic fluid was supplied from a power
steering pump with user-adjustable relief valves, allowing the
operator to easily set working pressures. Hydraulic load cells were
used to measure the induced force as the load was incrementally

Table 1. Mix Proportion of the Concrete

Property Value

Concrete class C32/40
Water-to-cement ratio 0.55
Cement (kg) 380
Aggregate size (kg)
1–4 mm 1,030
8–16 mm 630
Additives: (%) of cement weight 2.6

Table 2. Mechanical Properties of the Concrete and Steel Reinforcement

Property Value

Concrete
fcm (MPa) 62.8 (3.2%)
GF (N=m) 168 (11.9%)
εcu (‰) 3.2

Reinforcement
fy (MPa) 632 (0.35%)
εy (‰) 2.83 (8.45%)
fu (MPa) 693 (0.40%)
εu (‰) 48.7 (4.82%)

Note: fc = concrete cylinder compressive strength, which is assumed to be
equal to 0.83fcm; COVs are given in parentheses.
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increased at 30 kN=min with breaks every 250 kN to allow stress
distribution and tomonitor the cracks in the specimens. All reactions
were transmitted to a reaction frame fixed in a strong floor by
three additional pairs of high-strength steel rods (prestressed be-
cause the existing anchorage of the reaction frame did not provide
sufficient capacity). A general view of the test setup is shown
in Fig. 3.

Instrumentation

Out-of-plane and in-plane displacements were monitored using lin-
ear displacement sensors, a fully active 350-Ω strain-gauge bridge

giving the measurements infinite resolution. They were attached on
the back side of the wall (hereafter compression side) at locations
shown in Fig. 4. Strain gauges intercepting potential yield lines
(derived from nonlinear finite-element analysis) were installed
on the steel reinforcement and compression side of the concrete
surface. In addition to yield lines, other relevant information such
as crack patterns and ultimate loads was obtained.

To measure the mean strain of the concrete, 60-mm gauges
(three times longer than the maximum diameter of the aggregate
to even out local strain variations) were selected. To measure ten-
sile stresses of the reinforcement, general purpose strain gauges
were used. In addition to classical approaches for measuring
strains and displacements, optical 3D measurements were also ac-
quired by the DIC technique. For this the authors used a 5M sys-
tem configuration (GOM mbH, Brunswick, Germany) (GOM mbH
2015) with a strain measuring accuracy of 0.005% to monitor the
strain and displacement fields. Ideally, a stochastic point pattern
should be used, but due to the large area monitored a regular pat-
tern applied using a stencil and spray was utilized here. First a
white base layer was applied, then a black-dot pattern was sprayed.
The area monitored was the right-upper corner on the tension
side of the specimen (780 × 660 mm, highlighted in Fig. 3), an
area of particular interest for monitoring strain and crack develop-
ment in discontinuous regions. These measurements were supple-
mented with several video and still camera recordings. To avoid
interfering with the optical measurement system, the reinforcement
was only instrumented with strain gauges on half of each specimen
(the left pier, on the tension side), as permitted by the symmetry of
the test setup.

Experimental Results

General Observations

No anomalies were observed during the specimen loading.
The walls behaved as expected, deflecting in both vertical and hori-
zontal directions. The displacements were generally symmetric,
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with some deviations due to the test rig and random variations in
material properties. The lateral bracing of the test rig was designed
to be connected to the foundation support through oval holes to
account for variations in the thickness of the wall panels, thus
allowing small sliding of the entire system. The crack pattern
was also symmetrical, except that the crack patterns in panels
with openings only retained symmetry until the onset of failure.
When one of the piers failed, the entire wall triggered failure of the
other. The ultimate loads given do not include the weight of
the loading beam. The failure of the specimens can be seen in
Video S1.

Solid Wall I-C

Axial Load-Displacement Relationship
Between 0 and approximately 500 kN small negative displace-
ments (−0.26 mm) were recorded due to settlement of the test
setup. As the loads were increased to failure, the stiffness degra-
dation increased, reflecting opening of the cracks and utilization
of the steel reinforcement. The maximum load capacity was
reached at 2,363 kN when the out-of-plane displacement regis-
tered by displacement sensor D2 was approximately 18.95 mm
[Fig. 5(a)]. An instant jump to 26 mm was recorded immediately
after failure when the entire specimen was divided into distinct
disks along the yield lines.

Steel Reinforcement and Concrete Strain Responses
Four strain gauges (G1–G4) were glued on the horizontal
reinforcement and one (G5) on the vertical reinforcement. The
G5 strain readings increased linearly up to the failure load, when
the out-of-plane displacements of the specimens increased rap-
idly. The compressive strain reached a maximum of 0.68‰.
When crushing of the concrete began, the neutral axis of the cross
section shifted rapidly and the vertical reinforcement was sub-
jected to tensile forces. All horizontal bars were subjected to ten-
sile strain linearly up to 60–75% of the peak load [Fig. 5(b)].
After this the strains were more pronounced with yielding at
failure. Four strain gauges (G6–G9) were glued on the compres-
sion side of the specimen to monitor the compressive strains
[Fig. 5(c)]. The measurements provided good indications of im-
minent failure of the specimen, with collapse occurring at about
3.2‰ compressive strain. The readings showed consistent pat-
terns, indicating that the loads were transferred uniformly toward
the supports.

Failure Mode and Crack Pattern
At up to 85% of its ultimate capacity, the solid panel showed no
cracks. As the load increased, several major tensile cracks (0.2 mm
wide) opened, starting from the corners of the wall at 55° inclina-
tion. The wall had a brittle failure due to crushing of concrete with
little forewarning (visible out-of-plane deflection) prior to failure.
The crack pattern at failure, shown in Fig. 6(a) for both tension and
compression sides, was similar to a pattern previously reported in
panels with all sides restrained (Swartz et al. 1974). Several sec-
ondary tensile cracks were distributed parallel to each other
around the major tensile cracks, indicating that the reinforcement
mesh played an active role in redistributing tensile stresses in the
concrete.

Wall with Small Opening I-S

Axial Load-Displacement Relationship
The maximum load capacity of the specimen with a small opening
was reached at 1,500 kN when the out-of-plane displacements reg-
istered by D2 and D3 were approximately 26.6 and 18.4 mm, re-
spectively. The failure occurred on the left pier [corresponding to
D3, Fig. 7(a)] where the displacements developed more slowly
than on the right pier. The differences in displacement symmetry
were more pronounced after the first crack appeared in the right
pier. Load-displacement diagrams are shown in Fig. 7(a).

Steel Reinforcement and Concrete Strain Responses
Four strain gauges (G1, G3, G4, and G6) were glued on the
horizontal reinforcement and two (G2 and G5) on the vertical
reinforcement. All horizontal bars were subjected to tensile
strains, but recorded strains were low up to 90% of the peak load
[Fig. 7(b)]. At G4 and G6, yielding occurred at failure, while
ultimate strains recorded by G1 and G3 were below 1.5‰. Strains
recorded by G3 (the gauge glued on the first bar above the opening)
increased more progressively. As observed in loading of the solid
specimen (I-C), the vertical bars were compressed and G2 (adjacent
to the opening) recorded higher strains than G5. However, the
maximum compressive strain, reached at failure, did not ex-
ceed 1.5‰.

Failure Mode and Crack Pattern
When the specimen was under approximately 50% of its peak load,
a 0.05-mm-wide crack opened in the middle of the spandrel, fol-
lowed by two diagonal cracks from the bottom right corner of the
wall with 55° inclination at 65% of its ultimate capacity. These
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cracks continued to widen up to 85% of the failure load when sev-
eral other cracks around the same location began to emerge. For
safety reasons, no information regarding the crack opening beyond
this load was collected. The wall had a brittle failure due to crush-
ing of concrete with spalling and reinforcement buckling along the
line between the corner of the wall and opening corner of one pier
[Fig. 8(a)]. The other pier failed immediately thereafter, with a typ-
ical crack pattern for panels restrained on three sides. The crack
patterns after collapse in both the tension and compression sides
are shown in Fig. 6(b).

Wall with Large Opening I-L

Axial Load-Displacement Relationship
The maximum load capacity of the specimen with a large opening
was reached at 1,180 kN, when the out-of-plane displacements
registered by D1 and D2 were approximately 8.5 and 11.2 mm,
respectively. The failure occurred on the left pier (where the dis-
placements were smaller), following a very similar pattern to the
one observed in the test of the wall with a small opening.

Steel Reinforcement and Concrete Strain Responses
Four strain gauges (G1, G3, G5, and G6) were glued on the
horizontal reinforcement and two (G2 and G4) on the vertical

reinforcement. The trends and strain values were very similar to
those observed in the reinforcement of the specimen with a small
opening. The reinforcement bar above the opening was tensioned
more than in the panel with a small opening, thus accelerating the
redistribution of the forces to piers. Load-strain diagrams for the
reinforcement and concrete are shown in Figs. 9(b and c), respectively.

Failure Mode and Crack Pattern
The first crack (0.3 mm wide) was identified in the middle of the
spandrel early in the load history (at approximately 20% of its peak
load). Another two diagonal cracks (0.05 mm wide) from the bot-
tom corner of the wall with 53° inclination were observed at ap-
proximately 85% of its peak load. The wall had a brittle failure
due to crushing of concrete with spalling and reinforcement buck-
ling along the line between the wall corner and opening corner of
one pier [Fig. 8(b)]. As in the wall with a small opening, this local
failure caused failure of the entire wall with no typical crack pattern
in the other pier. The crack patterns in both the tension and com-
pression sides after collapse are shown in Fig. 6(c).

Monitoring Failure Progression by 3D-DIC

Several studies have shown that DIC methodology (based on im-
aging specimens’ surfaces in initial undeformed and later deformed
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Fig. 7. (Color) Responses of the wall with a small opening I-S: (a) load displacement; (b) strain in steel reinforcement; (c) strain in concrete; D1–D6
and G1–G10 refer to displacement sensors and strain gauges, respectively, at indicated positions (Fig. 4 for details)
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stages to obtain displacement data) can provide stable and reliable
strain and displacement measurements in both laboratory environ-
ments (Smith et al. 2011; Mahal et al. 2015) and field tests (Sas
et al. 2012). The 3D-DIC system applied here captured well the

strain development and distribution around the openings during
loading of the specimens. Figs. 10 and 11 illustrate major strains
in the wall with a small opening (I-S) and large opening (I-L) at
30%, 75%, peak load, and onset of collapse. The major strains were

Fig. 8. Failure at the corner opening with concrete spalling and reinforcement buckling (images by Cosmin Popescu): (a) Specimen I-S;
(b) Specimen I-L
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analyzed to study the crack formation throughout the loading his-
tory. In both the I-S and I-L specimens the first cracks appeared in
the spandrel and were concentrated in the piers at later loading
stages. Because the monitored area included less than half of
the spandrel’s length, its behavior is not further discussed at this
point, although it might be relevant for the overall behavior of
the wall. The recorded crack pattern in the pier of Specimen I-S
clearly shows a three-way action behavior with no major cracks
around the corner of the opening. In contrast, cracks were more
concentrated around the opening corner of Specimen I-L. Crack
widths were estimated as follows. Positions and lengths of cracks
were determined from the known crack patterns at onset of failure,
then displacements across them were recorded by virtual gauges
placed at 50-mm intervals along each crack. Fig. 12 presents
load-width diagrams for three representative cracks in the I-S
and I-L specimens—the first crack to open during loading (wc;1),
the widest crack at peak load (wc;2), and the crack that opened most
rapidly in final loading stages (wc;3). In both cases, the three cracks
showed similar behavior. The first crack that formed on the piers
(Crack 1) appeared relatively early in the loading history, but did
not open more than 0.25 mm. The second crack (Crack 2), which
became the widest, subsequently formed and developed more
slowly initially, while the third crack (Crack 3), which opened most
rapidly close to failure, is considered to be the one responsible for
the specimens’ ultimate failure. For Specimen I-S, the first crack

that formed on the piers was found to be the same as the one
responsible for the specimens’ ultimate failure.

The DIC measurements were also used to compute out-of-plane
displacement profiles along a section line (called the zero line sec-
tion) representative for both specimens with openings (i.e., in the
same locations relative to the specimen edge). The resulting profiles
for the specimens with large and small openings are shown in
Fig. 13, above and below the zero line section, respectively (again
at 30, 75, and 100% of the peak load, and onset of collapse). The
data clearly showed that most displacement occurred after 75% of
peak load for specimens with both types of openings. Maximum
out-of-plane displacements recorded by the DIC systems were
higher for Specimen I-S than for Specimen I-L. This observation
agrees with the measurements taken by displacement sensors,
which recorded higher deformations for Specimen I-S on the side
where 3D-DIC was recorded. The DIC technique did not record
results up to the specimen edges due to the edge restraints (Fig. 2),
which limited the view of the cameras (60 mm from the upper part
and 40 mm from the side edge).

Failure Mechanism and Design for Ultimate Strength

This section briefly overviews analytical formulations recom-
mended in current design codes and literature for predicting

(a) (b) (c) (d)
0.0 1.2 2.0

(%)
2.8 3.5

Fig. 10. (Color) Principal plane strain development on the tension side of Specimen I-S at (a) 30% of the peak load; (b) 75% of the peak load; (c) peak
load; (d) onset of failure
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Fig. 11. (Color) Principal plane strain development on the tension side of Specimen I-L at (a) 30% of the peak load; (b) 75% of the peak load; (c) peak
load; (d) onset of failure
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ultimate capacities of walls with or without openings. The exper-
imentally measured ultimate loads for the tested walls are then
compared to their axial strengths as computed using these formulas.
Currently, the practical design of RC walls, prescribed in standards
such as ACI 318 (ACI 2011) and AS 3600 (Standards Australia
2009), is based on empirical models, whereas EN 1992-1-1
(CEN 2004) is based on calibration against the results of nonlinear
analysis. Despite numerous relevant subsequent studies, no mod-
ifications to the formula presented in ACI 318 (ACI 2011) have
been implemented to incorporate the effect of restraints on all
sides, thus it will not be considered in the following analysis.
EN 1992-1-1 (CEN 2004) and AS 3600 (Standards Australia 2009)
are the only major codes that provide methodology to account
for the increase in capacity this gives. Numerous studies have at-
tempted to further improve the design models. A comprehensive
recent review and assessment of existing design models (Popescu
et al. 2015) concluded that the best models in terms of average
deviations between theoretically and experimentally determined

capacities were those proposed by Doh and Fragomeni (2006,
2005) for walls with and without openings, respectively.

Column Theory

The most widely used method to calculate capacities of axially
loaded RC walls (to the authors’ knowledge) is based on column
theory, considering stress-strain compatibilities and the equilibrium
of forces over their cross sections. In current design codes, walls
regarded as compression members that carry mainly vertical loads
(accepting some eccentricity as long as the resultant passes through
the middle third of the wall’s cross section) are treated as columns.
For such cases, a simplified procedure is employed in which all
design codes investigated here agree that the steel reinforcement
and tensile strength of concrete will not contribute to the load
capacity. However, there are differences between design codes,
mostly regarding distributions of compressive forces and slender-
ness. AS 3600 (Standards Australia 2009) and Doh and Fragomeni
(2005) define the stress block as a linear stress distribution, as
shown in Fig. 14(a), whereas EN 1992-1-1 (CEN 2004) assumes
a rectangular stress block [Fig. 14(b)]. Furthermore, the initial
eccentricity caused by the applied loads, ei, is increased by eccen-
tricity, ea, due to the lateral deflection of the wall. This factor
accounts for slenderness effects, also known as second-order or
P −Δ effects. The procedure described in AS 3600 (Standards
Australia 2009) and Doh and Fragomeni (2005) to find the maxi-
mum deflection at the critical wall section applies sinusoidal
curvature [Fig. 14(a)], using deflections obtained from bending-
moment theory (Gere and Timoshenko 1990). In contrast, triangu-
lar curvature is assumed in EN 1992-1-1 (CEN 2004) due to a
concentrated horizontal force at the critical point of the wall
[Fig. 14(b)]. According to Robinson et al. (2011) this approach
results in a linear, rather than parabolic, deformation, which
reduces the predicted ultimate capacity of slender walls. For
brevity, derivations of these models are not presented here but
can be found in Doh (2002). Based on the aforementioned
theoretical assumptions, design models have been proposed in
both design codes and research literature. These are reviewed
subsequently and assessed in terms of consistency with the
presented data.

Solid Wall
Following the existing design models, the ultimate load capacity of
the solid specimen was computed using Eqs. (2)–(4) and the result-
ing values are designated NEC2 [EN 1992-1-1 (CEN 2004)],
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Fig. 12. (Color) Crack width development, as monitored by 3D-DIC, in Specimens (a) I-S; (b) I-L
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NAS3600 [AS 3600 (Standards Australia 2009)], andND−F (Doh and
Fragomeni 2005), respectively

NEC2 ¼ fc · L · t · Φ ð2Þ

where

Φ ¼ 1.14

�
1 − 2

eþ ea
t

�
− 0.02 ·

Heff

t
≤
�
1 − 2

eþ ea
t

�
NAS3600 ¼ 0.6fcðt − 1.2e − 2eaÞL ð3Þ

ND−F ¼ 2f0.7c ðt − 1.2e − 2eaÞL ð4Þ

where t = wall thickness; L = wall length; fc = mean concrete
cylinder compressive strength; e = initial eccentricity, e ¼ t=6;
and ea = additional eccentricity due to lateral deflection of the wall.

The additional eccentricity, ea, accounts for the effect of
slenderness, also known as second-order (or P −Δ) effects.
Several approaches may be used to compute the additional eccen-
tricities, which are a function of the curvature applied to find the
maximum deflection at the critical wall section

ea ¼
8<
:

Heff
400

EN1992-1-1ð2004Þ
ðHeffÞ2
2,500t AS 3600ð2009Þ and Doh and Fragomeni ð2005Þ

with Heff ¼ βH being the effective height. Values for the effective
height factor β are given for the most commonly encountered re-
straints. ACI 318 (ACI 2011) only considers walls with restraints at
the top and bottom (OW walls). For walls restrained against rota-
tion at both ends, k ¼ 0.8. Unless no restraint against rotation is
provided at one or both ends, the effective height factor k ¼ 1.
According to Fragomeni et al. (1994), these effective height factors
that consider the lateral restraints provided by transverse walls
were first introduced by the German code [DIN 1045 (Design
and Construction 1988)] and later adopted by EN 1992-1-1
(CEN 2004) and AS 3600 (Standards Australia 2009) [Eq. (5)]

β ¼

8>>><
>>>:

1
1þðH

3LÞ2
three sides

1
1þðHLÞ2

four sides with L ≥ H

L
2H four sides with L < H

ð5Þ

Doh and Fragomeni (2005) slightly modified the effective
height factor to account for loading eccentricities by incorporating
an additional eccentricity parameter, α

α ¼
�
1=ð1þ e=tÞ when H=t < 27

18=½ð1 − e=tÞðH=tÞ0.88� when H=t ≥ 27
ð6Þ

Walls with Openings
To the authors’ knowledge, there are no straightforward methods to
evaluate the ultimate capacity of a wall with openings. However,
some guidelines are available, such as those in AS 3600 (Standards
Australia 2009) and EN 1992-1-1 (CEN 2004), which state that
effects of an opening on a wall’s axial strength can be neglected
if the wall is restrained on all sides, while the opening’s area
and height are less than 1=10 and 1=3 of the wall’s total surface
area and height, respectively. If these conditions are not fulfilled,
areas between openings (if more than one) must be treated as being
supported on two sides. Portions between restraining members and
openings must be treated as being supported on three sides accord-
ing to AS 3600 (Standards Australia 2009), while EN 1992-1-1
(CEN 2004) does not clearly prescribe their treatment. In the pre-
ceding sections the ultimate capacity of individual elements has
been considered, independently of others. However, it is important
to evaluate the reliability of entire systems (in this context walls
with openings), but design codes do not provide such information
or clear methodology for calculating their reliability. Consequently,
the following procedure was applied.

The entire ensemble may be idealized as a hybrid system, i.e., a
combination of series and parallel subsystems. In a serial system, if
one of the components fails, the entire system will fail, whereas
failure of all components is required for a parallel system to fail
(Novak and Collins 2012). In a wall with one or more openings,
the piers behave as a parallel system connected in series with the
spandrel above the openings, and failure will occur when the axial
strength of all piers or the shear-flexural strength of the spandrel is
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Fig. 14. (Color) Schematic representation of the failure mechanism: one-dimensional behavior according to (a) AS 3600 (Standards Australia 2009)
and Doh and Fragomeni (2005); (b) EN 1992-1-1 (CEN 2004); (c) three-dimensional behavior in line with plate theory
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exceeded. Thus, the system’s strength is the sum of all the piers’
axial strength, assuming that the spandrel continues to distribute the
forces until one of the piers fails completely.

The experimental results indicate that the spandrel was the first
element to fail because the first crack occurred in it. In reality, fail-
ure involves not only the ultimate failure but also excessive deflec-
tions and cracks. The loads applied on the spandrel are redistributed
directly to the piers until one of the piers fails completely and the
whole system collapses. Thus it can be regarded as a parallel sys-
tem with brittle elements, which will fail if one of the brittle
components fails (and the system’s strength can be obtained by
multiplying the axial strength of the weakest pier by the number
of piers).

In order to extend the scope of their design equation, Doh and
Fragomeni (2006) proposed a new formula [Eq. (7)] for calculating
the ultimate capacity of walls with openings

Nuo ¼ ðk1 − k2χÞND−F ð7Þ

where ND−F = ultimate load of an identical panel without openings
under TW action [Eq. (4)].

Here, the constants k1 and k2 were obtained by curve fitting,
with k1 ¼ 1.004 and k2 ¼ 0.933. Effects of the size and location
of openings are taken into account through a dimensionless param-
eter, χ, defined as

χx ¼ ðA0=Aþ a=LÞ ð8Þ

where A0 and A = horizontal cross-sectional areas of the opening
(i.e., A0 ¼ L0t) and the solid wall (i.e., A ¼ Lt), respectively. All
parameters involved in Eq. (8) can be easily determined from
Fig. 15.

As already shown, all design models presented here [Eqs. (2)–
(4)] consider the positive effect of having walls restrained along all
their sides. However, when introducing an opening with an area
larger than 1=10 of the wall’s total area, regardless of its height,
the edge toward the opening is assumed to be free (unrestrained
for both translational and rotational movements). This is important
because the ground floor of many structures is taller than the
upper floors, but the door height remains constant. Thus, the por-
tion above the opening, which spans the doorways, has a greater
height-to-span ratio. Hence, a deep beam behavior is expected,
which may influence the load distribution toward the wall piers
and ultimately the peak load. Guan (2010) found that increasing

both the length and height of an opening has the most significant
effect on capacity, and proposed a new model to account for this
effect. The methodology involved nonlinear finite-element analy-
sis, and thus further tests are needed to validate Guan’s findings.
Consequently, the restraining factors should be calibrated to ac-
count for these scenarios too.

The test results are summarized in Table 3, together with the
failure loads predicted by the presented design models. Design
models overestimated the ultimate capacity of the tested specimens.
However, the model proposed by Doh and Fragomeni (2006) pro-
vides more conservative results. A safety factor, ϕ, of 1 was applied
in all design equations, while a carefully chosen safety factor
should be used in practice. Any possible size effects should also
be considered, however Seddon (1956a) found that scale effects
were negligible.

Plate Theory

Results presented so far have been assessed in relation to cited de-
sign models in terms of ultimate load, but the failure mechanism
also warrants attention. The experimental observations indicated
biaxial curvature of the walls and an essentially plate failure mode.
Basically, the lateral restraints transform the problem from a one-
dimensional to a three-dimensional problem, and the failure mecha-
nism to that schematically shown in Fig. 14(c). For a solid wall the
energy is dissipated through yield lines that develop at roughly 45°
(YLI−C) according to plate theory (Kennedy and Goodchild 2004).
However, openings tend to attract yield lines (Kennedy and
Goodchild 2004). Thus, in specimens with openings, the yield lines
of a solid wall are interrupted by openings and the remaining ones
change positions (YLI−L and YLI−S). In Specimens I-L and I-S, the
yield lines starting at the bottom part of the wall rotate clockwise
and anticlockwise through angles of φ1 and φ2, respectively. The
yield line starting at the upper part of the wall rotates anticlockwise
through an angle of θ1 until it connects with the corner of the open-
ing in Specimen I-L, while in Specimen I-S this initial yield line
divides into two, rotating through angles of θ2−1 and θ2−2 clockwise
and anticlockwise, respectively. Final failure occurs along yield
lines connecting the upper corner of the wall with the corner of
the openings in both Specimens I-S and I-L (Fig. 8). The limited
number of tests reported here provide useful indications of general
patterns, but more are needed to obtain general values of φ1, φ2, θ1,
θ2−1, and θ2−2 and obtain a better overview.

Furthermore, the experimental observations indicate that the
global failure mode could be related to plate buckling. Thus, the
failure mode is also reviewed in the context of plates under uniform
compression. Although the design provisions limit the slenderness
ratio (H=t) to avoid elastic buckling failure, inelastic buckling may
sometimes occur, depending on the edge boundary conditions,
imperfections, or geometrical nonlinearities. Inelastic buckling oc-
curs when material yields prior to elastic critical buckling stress
(Ziemian 2010). Many studies have addressed the stability of steel
plates based on generalization of Euler’s equation. There have been
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Fig. 15. (Color) Geometry of a wall with openings (G3 = center of
gravity of the wall with opening, G1 = center of gravity of correspond-
ing solid wall, G2 = center of gravity of opening) (adapted from Saheb
and Desayi 1990b, © ASCE)

Table 3. Comparison of Axial Loads Predicted Using Formulas from
Design Codes [Eqs. (2)–(4) and (7)] with Experimental Values

Specimen Ntest (kN) NEC2=Ntest NAS3600=Ntest ND−F=Ntest

I-C 2,363 0.93 0.91 0.82
I-S 1,500 1.01 1.02 0.99
I-L 1,180 1.12 1.00 0.88
Average — 1.02 0.98 0.90
COV (%) — 9.6 6.3 9.8
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fewer corresponding studies of RC plates, but Swartz et al. (1974)
proposed an empirical plate equation for predicting the critical
stress in concrete at the onset of buckling [Eq. (9)]

σcr ¼ 0.425fcBð−Bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ B2

p
Þ ð9Þ

where

B ¼ π2

6εcu

�
1

l
þ l

�
2
�
t
L

�
2

and; l ¼ H=L ≤ 1

Eq. (9) is valid only for simply supported rectangular plates
under uniaxial compression. It does not cover other edge condi-
tions, i.e., clamped or free. Thus, it was only possible to compute
the critical stress in the solid wall (σcr=fc ≈ 0.74) from the current
test results. The value was then transformed into critical strain and
used to find the load at which inelastic buckling occurs.

The critical strain at the onset of buckling was found from
Eq. (10), describing the stress-strain relation for concrete in com-
pression based on experimental observations of van Mier (1986)

σc ¼ fc0 þ ðfc − fc0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
εc − εc1

εc

�
2

s
ð10Þ

where σc = compressive stress in concrete; fc0 = onset of nonlinear
behavior defined as 2ft, with ft the tensile strength of concrete; εc
= compressive strain in concrete; and εc1 ¼ 0.7f0.31c is the plastic
strain at compressive strength.

With σc ¼ σcr known and assuming εc ¼ εcr, the critical strain
at the onset of buckling was determined, then compared with
strains measured by gauges intercepting the crushing regions
[Fig. 5(c)] and the corresponding critical load was extracted.
The results showed a ratio between the critical and peak loads
of about 0.82, demonstrating that the solid wall experienced inelas-
tic buckling.

Analysis of the Test Results and Discussion

Effects of Opening Size

Displacements of all three specimens (recorded at the same posi-
tion, D1 and symmetric to D1 on the other pier) were plotted on the
same graph (Fig. 16) to assess effects of the size of openings. The
results indicate that the 25 and 50% reductions in cross-sectional
area of the solid wall caused by introducing the small opening and
large opening reduced its load-carrying capacity by nearly 36 and
50%, respectively. As shown in Fig. 17, these variables are clearly
correlated (as expected), but not linearly. The axial strength ratio
(Ntest=Acfc, where Ac represents the cross-section area of the wall)
responses markedly differed, being very similar for the solid wall
and wall with a large opening, but much lower for the wall with a
small opening. This may be due to the boundaries becoming more
active as the aspect ratio (height/length) of the piers increases,
thereby utilizing the material’s strength more effectively in com-
pression. The lateral boundary conditions are among parameters
that influence the axial strength of a panel through the effective
height factor. As the aspect ratio of the wall increases, the effective
height factor decreases, and thus decreases the slenderness effect.
This positive effect of lateral restraints is only accounted for in
European [EN 1992-1-1 (CEN 2004)] and Australian [AS 3600
(Standards Australia 2009)] design codes. This behavior also con-
firms results of a previous analysis of published data by Saheb and
Desayi (1990a).

Numerous simplified procedures have been proposed in the lit-
erature for calculating two other highly relevant variables: ductility
and energy release at failure. Ductility is commonly expressed in
terms of displacements, curvature, or rotations (Park 1988). In this
study, displacement-based ductility factors (defined as the ratios
between elastic and ultimate displacements, μΔ ¼ δu=δe) were
computed. Because a distinct elastic displacement cannot be easily
found, a simplified procedure proposed by Park (1988) was
adopted. This is based on the assumption that the most realistic
approach for RC structures is to compute the elastic displacement
for an equivalent elastoplastic system with reduced stiffness. The
reduced stiffness is found as the secant stiffness related to 75% of
the peak load and the horizontal plateau corresponding to the
peak load (Ntest) of the real system (Fig. 16). The maximum
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displacement corresponds to the post-peak deformation when the
load has decreased by 20% or the reinforcement buckles, whichever
occurs first. In addition to ductility factors, energy dissipation (Ed)
was also evaluated as the area under the load-displacement curves.

The introduction of the small and large openings resulted in sim-
ilar, sharp reductions in computed ductility factors (Table 4). How-
ever, the differences in size between the openings strongly affected
the energy dissipation; on average, the wall with no opening could
be classified as a ductile element according to Park (1988), having a
ductility factor between 3 and 6, while the walls with small and
large opening would be both classified as elements with restricted
ductility (ductility factors <3).

Effect of Reinforcement
The stress levels were monitored in the steel reinforcement to as-
sess the assumption that reinforcement does not contribute to the
overall performance of the wall in terms of crack occurrence, duc-
tility, and axial strength. The strength parameter is only discussed
in terms of observed strains: whether or not it really made a con-
tribution cannot be determined because no control specimens made
of plain concrete were included in the tests. However, no strains in
reinforcement of this type of element have been previously re-
ported, so the information could be useful for further studies to
calibrate nonlinear finite-element models. The DIC results showed
that the reinforcement enabled good stress redistribution in the
walls. After crack initiation in the piers, multiple cracks opened
with further loading. The width of these cracks remained accept-
ably small, suggesting that the reinforcement was well anchored
and distributed. Although the minimum amount of reinforcement
prescribed by design codes was exceeded, the tensile or compres-
sive strains that developed in the reinforcement were significant at
higher loads, with yielding of some bars occurring at failure. While
the vertical bars were more gradually stressed during the specimen
loading, none of them yielded at failure. The horizontal reinforce-
ment yielded or was close to yielding and buckled at failure, but no
rupture was observed in any of the tests. In contrast, Huang et al.
(2015) tested high-strength OW walls axially loaded with a t=6
eccentricity and enclosing reinforcement ratio of 0.233%. In their
tests the reinforcement ruptured at failure load regardless of its ar-
rangement (one or two layers), reportedly due to “the brittleness”
(Huang et al. 2015). No significant effect was observed on the ul-
timate load, but failure was more ductile when the quantity of
reinforcement was doubled and placed in two layers.

The failure of the specimens with openings occurred in the pier
with lower deformations, presumably at least partly because as geo-
metric nonlinearities increase the reinforcement starts to be more
active. El-Metwally et al. (1990) also showed that the failure mode
is sensitive to the initial eccentricity, and here too the reinforcement
has a significant effect for large eccentricities. These findings
suggest that reinforcement may significantly affect ultimate load
as the eccentricity increases. However, the threshold eccentricity
at which reinforcement may increase ultimate load is currently un-
known and more tests are required. Nevertheless, no current design
codes recognize the contribution of the steel reinforcement for
eccentricities up to one-sixth of the wall’s thickness.

Although cracks occurred at late loading stages in the reported
tests, the possibility of sustained loads causing cracks should not
be neglected, especially around corners of openings if there is no
diagonal reinforcement. This is because real structures are sub-
jected to relatively high sustained loads, which tend to impair
the performance of slender elements by increasing their long-
term deflections (Macgregor et al. 1971). The study presented
here involved only short-term tests, thus creep effects were not
considered.

Parametric Study
Tests on just three specimens are insufficient to draw quantitative
conclusions about effects of cutting openings in solid walls. More-
over, eccentricity significantly affects walls’ axial strength, but in
all tests an eccentricity of a sixth of the specimens’ thickness was
applied. Thus, more tests with different eccentricities (but less than
t=6 to retain compression failure of the walls) are required. The
Eurocode 2 approach was initially validated with the experimental
results, and subsequently applied to generalize the decrease in ul-
timate strength while varying both opening size ratio (A0=A) and
initial eccentricity ratio (e=t). All other material and geometric
parameters were kept constant at values used in the experimental
program. The eccentricity was varied from 0 mm (pure axial load)
to 10 mm (t=6) in 2.5-mm (t=24) increments. The opening size was
varied from 0% of the total cross-section area of the wall to the
point where the cross-sectional aspect ratio of the part remaining
after introducing the opening was less than 4∶1 (in 5% increments).
The lower limit represents an infinitesimal opening, i.e., a plane
cut, which could represent a contraction joint or two adjacent
panels. Furthermore, EN 1992-1-1 (CEN 2004) emphasizes that
elements with a cross-sectional aspect ratio below 4∶1 should be
considered as columns rather than walls, thus setting the upper limit
of the current parametric study.

The results are plotted in Fig. 18 in terms of axial load reduction
relative to a reference element, i.e., a solid wall under pure axial
loading (with no eccentricity). A sudden approximately 12% drop
in axial capacity occurs when a plane cut (A0=A ¼ 0%) is intro-
duced, regardless of the eccentricity. Although mathematically
correct, such results are not physically meaningful in terms of open-
ings, but show that plane cuts have negative effects even when the
cross-section area remains the same because they break the hori-
zontal strips and thus change effects of lateral restraints. Further-
more, axial capacity linearly (defined by the hatched area in
Fig. 18) declines with increases in opening size ratios and nonli-
nearly with further increases in this ratio at every eccentricity
considered. The limit between linear and nonlinear trend was de-
fined at the point where the trend line of all data points reached an
R-squared value equal to 1. The effect of eccentricity is highest
with a minimal opening size, for which axial capacity declines
linearly in approximately 12% increments per step of load eccen-
tricity. However, eccentricity effects are much weaker with large
openings (approximately 2.7% drops per step of load eccentricity).
For intermediate opening size ratios, a much steeper decline is
observed for low eccentricities (e ¼ 0) than for high eccentricities
(e ¼ t=6).

Table 4. Ductility Factors and Energy Release Values at Failure Evaluated according to Park (1988)

Specimen Ntest (kN)

Pier 1 (measurements at D1) Pier 2 (symmetric to D1)

δε (mm) δυ (mm) μΔ ¼ δυ=δε Ed (kNm) δε (mm) δu (mm) μΔ ¼ δυ=δe Ed (kNm)

I-C 2,363 4.55 18.43 4.05 39.37 4.77 18.02 3.78 38.08
I-S 1,500 8.53 27.35 3.21 (−21%) 34.21 (−13%) 5.95 15.40 2.59 (−32%) 18.55 (−51%)
I-L 1,180 4.05 11.27 2.78 (−31%) 10.88 (−72%) 5.15 12.51 2.43 (−36%) 11.55 (−70%)
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Serviceability Considerations

For RC elements subjected to tension and flexure, ACI 224R-01
(ACI 2001) presents general design guidelines for acceptable crack
widths on tensile faces (ranging from 0.1 mm for water-retaining
structures to 0.41 mm for dry structures). It also suggests that
cracks wider than 0.15 mm could be considered aesthetically unac-
ceptable because they can be seen by a casual observer. ACI 533R-
11 (ACI 2012) states that under normal service conditions cracks
up to 0.3 mm wide are structurally acceptable in precast wall pan-
els. This is a more relaxed limit than the one (0.254 mm) in the
previous version [ACI 533R-93 (ACI 1993)]. EN 1992-1-1
(CEN 2004) indicates that cracks in structural members should
be limited sufficiently to avoid unacceptable impairment of an el-
ement’s functionality, durability, or appearance. The admissible in-
dicated value is 0.3 mm. Crack width limits provided in the guides
discussed previously are presented in Fig. 12, and determined loads
associated with these limits are presented in Table 5.

Another serviceability condition for a wall panel is its out-of-
plane deflection. ACI 533R-11 (ACI 2012) sets limits of H=360
and ≤ 20 mm immediate maximum deflection under service load,
where H is the free height of the panel. According to EN 1992-1-1
(CEN 2004), the deflection of members should not exceed H=250
under quasi-permanent loads. Loads associated with the maximum
allowable deflections for each specimen were determined from
Figs. 7(a) and 9(a) and are presented in Table 5. Only the deforma-
tion of the elements under short-term loads are considered here.
Combinations of short- and long-term loads (e.g., permanent or

self-weight) might lead to larger displacements. That explains
whyEN1992-1-1 (CEN2004) allows considerably higher deflection
than ACI 533R-11 (2012), which only takes into account immedi-
ate deflections. Further discussion is based solely on ACI codes.

For Specimen I-S, cracks wider than 0.15 mm, the aesthetic
limit according to ACI 224R-01 (ACI 2001) appeared at 48% of
peak load, very similar to the load corresponding to the deflection
limit (52% of peak load). Cracks wider than 0.254 and 0.3 mm—
structural limits according to ACI 533R-93 (ACI 1993) and ACI
533R-11 (ACI 2012), respectively—appeared at more than 90%
of peak load. Similarly, for Specimen I-L the first cracks wider than
the 0.15-mm aesthetic limit and the structural limit appeared at 44%
and more than 90% of peak load, respectively. However, the 3.75-
mm deflection limit was only reached at 75% of peak load (23%
higher than for the I-S specimen). These values are single point
measurements (for displacements) or pertain to a limited area of
the wall (for cracks) and are not necessarily the highest in the
specimens.

The results in Table 5 show that serviceability limits given by
the elements’ out-of-plane deflection are close to the loads at which
cracks become visible to the casual observer. The structural limits
are only reached very close to peak load, therefore serviceability
will be dictated by the deflection criterion if there are no other strin-
gent limits due to aesthetic or durability concerns. However, a small
out-of-plane displacement of 3.75 mm cannot be noticed as easily
as cracks on an element’s surface. As seen in members subjected to
eccentric compression, cracks wider than 0.25 mm could herald
an elements’ imminent failure. Thus, using design provisions in
current guidelines to evaluate service states of walls with cut-out
openings could lead to overlaps with ultimate state criteria. More
research is needed to adapt current cracking criteria for assessment
of the service state of walls with cut-out openings.

Conclusion and Future Work

The effects of steel reinforcement and the presence of cut-out
openings on axially loaded concrete walls were examined in the
presented experimental program. The main conclusions were as
follows:
• Recorded strains in the steel reinforcement indicate that it may

make no significant contribution at serviceability limit states,
but yielding may occur close to failure when second-order
effects start to be more active, thus contributing to the overall
ductility. More tests are needed to determine reinforcement’s
contribution to the overall load-bearing capacity of walls with
openings. However, crack patterns recorded with DIC show that
it can ensure good redistribution of stresses.

• Reducing the cross-sectional area by 25 and 50% by cutting out
openings led to 36 and 50% reductions in peak loads, respec-
tively. Overall, the specimen with a small opening was stiffer
than the specimen with a large opening (and hence had higher
ductility and energy release at failure). The parametric study
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Table 5. Recommended Serviceability Limits for Precast Walls and Associated Load Levels

Specimen Ntest (kN)

Crack width limits Deflection limits

Aesthetic Structural —

ACI 224R-01
(0.15 mm) (kN)

ACI 533-93
(0.254 mm) (kN)

ACI 533-11
(0.3 mm) (kN)

ACI 533-11
(3.75 mm) (kN)

I-S 1,500 720 (48) 1,390 (93) 1,420 (95) 790 (52)
I-L 1,180 520 (44) 1,080 (92) 1,150 (97) 880 (75)

Note: Numbers in parentheses are associated load levels as percentages of peak load (Ntest).

© ASCE 04016100-15 J. Struct. Eng.



revealed that the axial strength reduction is more sensitive to
eccentricity when the opening size ratio is minimal, and be-
comes minor as this ratio increases. In addition, the axial
strength declines nonlinearly as the opening size is increased.

• The critical buckling strength analysis showed that material fail-
ure (inelastic buckling) rather than a stability failure occurred
first. Because of limitations of buckling theory for concrete
plates, these conclusions are only based on the test with the solid
specimen.

• The 3D DIC system proved to be a reliable noncontact tool for
monitoring strain and displacement fields in regions of interest.
The observed crack patterns indicate that the specimen with a
large opening behaved more like a RC frame than a RC wall,
with all major strains oriented toward the opening corner. In or-
der to set suitable thresholds for small and large openings in
walls (with negligible and nonnegligible effects, respectively)
and the optimal transition point between RC walls and RC
frames in design codes for structural elements, more tests are
required including walls with intermediate size openings. The
method is particularly useful because hairline cracks are difficult
to observe with the naked eye, especially during specimen load-
ing. Structurally acceptable crack widths based on design codes
appear to be uncomfortably close to those associated with ulti-
mate loads. Because crack width is usually used as an indicator
of structures’ degradation, more restrictive limits for walls with
cut-out openings may be needed to increase gaps between ser-
vice and ultimate limit states, potentially avoiding failure.

• The procedure proposed for evaluating the systems’ capacity,
based on generic equations from design codes, provided good
agreements with the test results and the closed-form solution
given by Doh and Fragomeni, which addresses the axial strength
of walls with and without openings. The results have been re-
viewed in terms of both ultimate capacity and failure mechan-
isms. They show (inter alia) that the lateral restraints transform
the problem into a three-dimensional (plate mechanism) rather
than one-dimensional problem.
The findings open new avenues for studying the behavior of

concrete walls with openings and may provide foundations for fu-
ture research. Nonlinear analysis could be applied with a larger test
matrix to assess effects of other important parameters (e.g., higher
eccentricities, asymmetric openings, and/or different boundary
conditions). However, despite the clear need to extend the analyses,
the presented results may be useful for improving existing design
models, assessing requirements for strengthening concrete struc-
ture, and identifying optimal strengthening procedures.
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Abstract: Upgrading existing buildings to new functional requirements may require new openings that can weaken the structure, prompting
the need for strengthening. In such cases traditional strengthening solutions, such as creating a reinforced concrete (RC) or steel frame around
the opening, imply long-term restrictions in the use of the structure compared to solutions that use externally bonded composites. Two fabric-
reinforced cementitious matrix (FRCM) composites were used in this study to restore the capacity of panels with newly created door
type openings to that of a solid panel. Five half-scale RC panels acting as two-way action compression members were tested to failure.
Two full-field optical deformation measurement systems were used to monitor and analyze the global structural response of each tested
panel (i.e., crack pattern, failure mechanism, and displacement/strain fields). The performance of existing design methods for RC panels
has been assessed in comparison with the experimental results. The capacity of strengthened panels with small openings (450 × 1,050 mm)
was entirely restored to that of the solid panel. However, for panels with large openings (900 × 1,050 mm), only 75% of the solid panel’s
capacity was restored. The capacity of the strengthened panels was about 175 and 150% higher compared to that of reference panels with
small and large openings, respectively. DOI: 10.1061/(ASCE)CC.1943-5614.0000867. © 2018 American Society of Civil Engineers.

Introduction

Upgrading existing buildings to new functional requirements may
require new openings for doors, windows, or heating and ventilation
systems in existing structural elements such as reinforced concrete
(RC) walls and slabs. New openings created in elements that were
designed without allowances for openings are termed cutout
openings. A recent literature review (Popescu et al. 2015) shows
that the effect of cutout openings in structural concrete panels acting
as compression members has rarely been investigated. However,
available studies on the topic (Popescu et al. 2016) concluded that
cutout openings substantially decrease the load-bearing capacity of
solid RC panels, consequentially weakening the existing structure.

In the current social and economic climate, upgrading or retro-
fitting of existing buildings is usually associated with shorter service
interruptions, as well as lower life-cycle costs, and is therefore often
preferred to replacement with new structures (Ferreira et al. 2015;
Assefa and Ambler 2017). Hence, retrofitting is more sustainable
than demolishing and rebuilding.

Traditional strengthening methods for structural walls with cut-
out openings involve concrete jacketing or creating an RC or steel
frame around the opening. These methods usually require interven-
tions to the building’s infrastructure to extend existing foundations
and can significantly contribute to the building’s structural mass.
The use of externally bonded composites can overcome the
mentioned drawbacks. Due to their relatively light weigh, their con-
tribution to the structural mass is greatly reduced compared to tradi-
tional methods, and they do not require additional foundations.
Recently, two epoxy-bonded fiber reinforced polymer (FRP)-based
strengthening solutions for RC walls with openings subjected to
axial loads have been investigated by Mohammed et al. (2013)
for one way action (OW) panels and by Popescu et al. (2017a) for
two way action (TW) panels. The terms OW action and TW action
refer to the boundary conditions of the elements, which are re-
strained only on the top and bottom edges and restrained on three
or four edges, respectively.

Inorganic cement-based matrices (mortars) can be used as a sus-
tainable and durable alternative to epoxy for bonding additional
reinforcement to existing RC members (Täljsten and Blanksvärd
2007; Gonzalez-Libreros et al. 2017b). The mortar matrix is rein-
forced with continuous fibers in the form of either a unidirectional
or bidirectional net, resulting in a fabric-reinforced cementitious
matrix (FRCM) composite. This type of composite is also referred
to as mineral-based composite (MBC), textile-reinforced mortar
(TRM), and textile-reinforced concrete (TRC). The term FRCM
composites will be used in this paper. The fibers commonly used
in these composites include carbon, glass, and polyparaphenylene
benzobisoxazole (PBO) (Sneed et al. 2014).

The effect of externally bonded FRCM composites have been
extensively studied on RC beams in flexure (D’Ambrisi and
Focacci 2011; Elsanadedy et al. 2013; Sneed et al. 2016), RC
beams in shear (Gonzalez-Libreros et al. 2017a), and for the con-
finement of RC columns (Colajanni et al. 2014; Ombres and Verre
2015). In comparison, investigations on FRCM strengthening of
structural walls are considerably fewer and mostly focused on
masonry panels (Papanicolaou et al. 2007; Bernat et al. 2013;
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Babaeidarabad et al. 2014; Ismail and Ingham 2016). However,
only one study that focused on the testing of RC panels with open-
ings subjected to in-plane shear has compared the effect of an
FRCM strengthening solution with that of several FRP solutions
(Todut et al. 2015). It was reported that the FRCM strengthening
was able to increase the capacity of damaged panels with openings
to their initial capacity.

The effectiveness of FRCM strengthening of masonry members
subjected to the combined effects of out-of-plane bending and
axial loads (i.e., compression members) has only been investigated
for masonry OW action panels (Kolsch 1998; Bernat et al. 2013;
Babaeidarabad et al. 2014; Cevallos et al. 2015; Ismail and Ingham
2016). For example, Bernat et al. (2013) used FRCM composites
with carbon and glass fiber nets to strengthen OW masonry panels
subjected to eccentric compression. A 100% increase of the load-
bearing capacity of the walls was obtained. Additionally, it was
concluded that for axially loaded elements, additional anchoring
of the FRCM layer is unnecessary because debonding of the FRCM
strengthening was not observed. Babaeidarabad et al. (2014) used
carbon FRCM composites to strengthen OW masonry panels sub-
jected to flexure. The flexural capacity of strengthened panels with
one and four FRCM layers was 280 and 750% that of the reference
specimen’s capacity, respectively. Additionally, it was found that
for the same fiber reinforcement ratio, FRCM and FRP strengthen-
ing methods provide similar increments in flexural capacity.

The topic of FRCM strengthened TWaction panels or RC panels
has yet to be addressed. In addition, similar studies on compression
members with openings strengthened with FRCM composites have

yet to be reported. Consequently, no design guidelines for strength-
ening of axially loaded RC walls with cutout openings using FRCM
composites is available. As a first attempt, the appropriateness of
existing design methods for RC panels with openings (Guan
et al. 2010) to predict the capacity of FRCM strengthened panels
has been assessed. However, a perfect agreement between the
experimental and theoretical values is not expected because the
considered model was not developed for strengthened members.

The objective of this study is to evaluate the capacity and stiff-
ness improvements obtained by FRCM strengthening of axially
loaded TW action concrete panels with openings. The FRCM
strengthening solution used in this study is intended to restore
the capacity and stiffness of panels, with newly created openings,
to that of a solid panel. Two FRCM systems were used with the aim
of determining the influence of the composite properties on the
capacity and stiffness of the strengthened panels. These systems,
which were provided by different manufacturers, contain carbon
fiber nets and PBO fiber nets, and are hereafter referred to as
C-FRCM and PBO-FRCM, respectively.

Experimental Program

Description of Concrete-Wall Specimens

Five precast RC wall panels, each with nominal length (L), height
(H), and thickness (t) of 1,800, 1,350, and 60 mm, respectively
(Fig. 1), were considered in the test program. One was a solid

Fig. 1. Geometry, reinforcement, and strengthening detail of tested wall panels (dimensions in millimeters).
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panel (SW), whereas the other panels were each characterized by a
middle section consisting of door-type openings (as illustrated in
Fig. 1). Two panels had 450 × 1,050 mm openings, referred to
as small openings hereafter, and the other two panels had 900 ×
1,050 mm openings, referred to as large openings hereafter.

Furthermore, panels were designated as SO# and LO#, where SO
and LO refer to the size of the opening (i.e., small opening and large
opening, respectively, see Fig. 1). The # symbol denotes the FRCM
system used for strengthening, and # values of 1 and 2 refer to the
C-FRCM and PBO-FRCM systems, respectively (e.g., SO1 refers to
a panel with a small opening strengthened with the C-FRCM com-
posite). A summary of the tested specimens is presented in Table 1.

The panels were cast using self-consolidating concrete. The
compressive strength of the concrete (fc) was determined on six
cubes at the day of testing (689 days) following the procedure de-
scribed in EN ISO 12390-3 (CEN 2009). An average compressive
strength of 68.0 MPa was obtained.

The internal reinforcement consisted of one layer of 5-mmwelded
steel-wire fabric. The steel reinforcement net was placed in the center
of the concrete section, with the steel bars in the vertical and hori-
zontal directions, as shown in Fig. 1. The yield strength (fy) was
determined on five coupons in accordance with EN ISO 15630-2
(CEN 2010). An average fy of 634 MPa and mean ultimate strength
fu of 693 MPa at mean strain values of 2,830 and 48,690 μm=m,
respectively, were obtained. The panels were stored in the vertical
position in a dry environment up to the day of strengthening.

No additional reinforcement was placed around the edges or
corners of the openings to replicate practical cases when sawn
cut-outs are created in existing solid panels. For convenience, the
panels were designed having openings instead of cutting them out
from solid panels, as this choice is believed to not influence the
behavior of the tested panels. However, in practical application,
because the load on the panel cannot be completely removed if
openings are cut-out before strengthening, the panel might suffer
additional damage or deformations.

Strengthening Solution

Composite Properties
Each FRCM system consisted of a fiber net and corresponding
mortar (Table 2). The mechanical properties of the fibers, namely,

the ultimate tensile strength ff , ultimate tensile strain εf , and
modulus of elasticity Ef are summarized in Table 2. The geomet-
rical properties of the net are characterized by the center-to-center
bundle spacing bf, bundle width b�, and bundle thickness t�. More-
over, the equivalent dry-fiber thickness tf was taken as the value
reported by the manufacturer, whereas the cross-sectional area of
the bundles A�

b was determined from the linear mass density of the
bundles, as stipulated by ASTM D1577 (ASTM 2007). The aver-
age values of A�

b and t
� are listed in Table 2. A nominal composite

thickness (tFRCM) of 8 mm was chosen for both FRCM systems
(Fig. 1) to obtain similar FRCM reinforcement ratios ρFRCM ¼
tf=tFRCM (i.e., ρFRCM ≅ 0.57%), and tFRCM was chosen with con-
sideration of the minimum mortar-layer thickness recommended in
the product technical sheet of each system. After strengthening, the
total thickness of the panels was measured in multiple locations. An
average FRCM thickness of 11 mm was obtained. The carbon net
had the same fiber area in both directions (i.e., balanced bidirec-
tional net), grouped in bundles with 20 mm spacing. The PBO
net had the fiber area predominantly in one direction (i.e., unidirec-
tional net), grouped in bundles with 12-mm spacing. The PBO net
also had bundles with 3-mm spacing in the transversal direction
with the main purpose being to hold the primary fibers in position.

The flexural strength ftm and compressive strength fcm of the
mortars were determined at 28 days in accordance with ASTM
C348 (ASTM 2014b) and ASTM C349 (ASTM 2014a), respec-
tively. The average results are presented in Table 2.

Strengthening Procedure
The concrete surface was prepared, in accordance with prEN
1504-10 (CEN 2015), by water-jetting at 200 MPa (2,000 bar)
water pressure using a rotating nozzle with five jets. The result-
ing surface roughness corresponded to concrete surface profile
number 5, as defined by ICRI 310.2R (ICRI 2013).

The consistency of both mortars enabled rendering on vertical
surfaces; however, for convenience the composites were applied
with specimens resting horizontally on a wooden platform. During
strengthening, 4-mm-thick steel plates with widths of 60 and 70 mm
were temporarily attached to the specimen surface along the horizon-
tal (x-axis) and vertical (y-axis) edges, respectively. This measure
was taken to maintain the same supports as for the specimens with-
out strengthening and to allow a better control of the mortar layer
thickness.

Table 1. Summary of tested specimens

Specimen Strengthening system Pmax (MN)
Pmax

PSW
max

(%)
Pref
max (MN)

Pmax

Pref
max

(%)
δPmax
y (mm) δPmax

z (mm) Failure mode

SW — 1.80 100 — — 8.1 12.8 IB
SO1 C-FRCM 2.13 118 1.15 185 8.6 9.0 CC
LO1 C-FRCM 1.33 74 0.90 148 7.9 5.8 CC
SO2 PBO-FRCM 1.86 103 1.15 161 7.6 8.8 CC
LO2 PBO-FRCM 1.35 75 0.90 150 8.2 6.7 CC

Note: CC = concrete crushing; IB = inelastic buckling; Pmax = maximum applied load; PSW
max = maximum capacity of control wall (solid wall); Pref

max = reference
capacity for panels with openings without strengthening, based on results of Popescu et al. (2016); δPmax

y = vertical deformation at Pmax; δPmax
z = maximum

out-of-plane deformation at Pmax.

Table 2. FRCM composite properties

FRCM system bf (mm) A�
b (mm2) tf

a (mm)
γ

(g=cm3)
b�

(mm)
t�

(mm) f1f (MPa) εf (%)
Ef

(GPa)
fcm

(MPa)
ftm

(MPa)
Ecm
(GPa)

C-FRCM 20 × 20 1.057 0.0460 1.60 3 0.313 4,700 18a 240a 37.8 4.96 15a

PBO-FRCM 3 × 12 0.46 0.0455 1.56 5 0.092 5,800 21.5b 270b 46.6 5.00 7b

Note: A�
b, b

�, and t� represent the measured bundle cross-section area, width, and thickness, respectively.
aValue reported by the manufacturer (G & P Intech 2016).
bValue reported by the manufacturer (Ruredil SpA 2018).
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The first mortar layer was then applied to the concrete, and the
bidirectional carbon net was pressed slightly into the fresh mortar.
In the case of the PBO net, unidirectional nets were first placed in
the horizontal direction, and then in the vertical direction. A second
set of steel plates, attached on top of the fiber nets, was used to
secure each net in place before applying the external mortar layer.
For the first seven days of curing, the specimens were sprayed with
water and covered with a plastic foil. This measure was taken to
prevent edge-lifting and matrix cracking resulting from shrinkage
that occurs when fresh mortar is overlaid on old concrete (D’Antino
et al. 2016). Thereafter, the steel plates were removed and the pan-
els were cured under normal ambient conditions (∼15°C and 50%
relative humidity) for at least 28 days, until the day of testing.

Test Setup

The experimental setup was designed to replicate structural walls
subjected to only gravitational loads (i.e., transverse loads or lateral
in-plane loads were neglected) and consisted of three main parts,
namely, (1) the reaction frame that was fixed to the strong floor by
two pairs of prestressed steel rods, (2) the loading unit that con-
sisted of four 1-MN-capacity hydraulic jacks, and (3) the support
frame that consisted of four components (loading beam, reaction
beam, and lateral supports).

The out-of-plane displacement of the specimen was restrained on
all four sides, with full rotations allowed along the top and bottom
supports. An eccentricity e ¼ 10 mm (1=6 of the solid-panel thick-
ness) was provided at the top and bottom sides, to reflect deviations
that may be introduced during the construction phase of a building.
The eccentrically applied axial load generates out-of-plane bending
deformations in the tested panel, leading to tensile deformations on
one face of the panel, hereafter referred to as the tension side, and
compressive stresses on the opposite face, hereafter referred to as the
compression side (see Fig. 1).

The compression load was applied by the hydraulic jacks
vertically (y-direction) in displacement-control mode, at a rate of
0.003 mm=s. Two linear variable displacement transducers (LVDTs)
placed between the reaction frame (assumed rigid) and the loading
beam were used to measure the vertical displacement of the loading

beam. The hydraulic pressure provided to the four jacks was ad-
justed by a control unit to maintain a loading beam displacement
rate of 0.003 mm=s. Additional measurements were performed us-
ing two image correlation systems (ICSs) and electric resistance
strain gauges. The position of the ICSs relative to the tested panels
and an overview of the experimental setup are shown in Fig. 2.

Strain gauges were installed on the internal steel reinforcement
and on the fiber bundles on the tension side. The gauges on the
bundles were placed at the same location as those on the reinforce-
ment. Eight 60-mm-long strain gauges were attached to the con-
crete surface on the compression side of the solid wall (Fig. 3).
The gauges were denoted as Gj

i, where # represents the locations
shown in Fig. 3. The subscript i represents the position [i.e., on the
steel reinforcement (s), fiber net (f), or concrete compression side
surface (c)] of the gauges. Similarly, the superscript j represents the
global direction (x: horizontal and y: vertical) of the gauge. For
example, G1xs indicates that strain gauges were placed at some
given location in the horizontal direction on the steel reinforcement.
Subscript s, f indicates that the gauges are placed on both the steel
reinforcement and the fiber bundle.

Digital photogrammetry is a noncontact measurement technique
for identifying the coordinates of points and patterns in images
obtained using imaging sensors, such as charged-coupled devices
(CCD). Based on the targets used, digital photogrammetry tech-
niques are classified as point tracking (PT), digital image correla-
tion (DIC), and targetless approaches (Baqersad et al. 2016). DIC
for structural monitoring has been successfully applied by research-
ers in laboratory and outdoor experimental tests. For example, DIC
was used by Mahal et al. (2015) and Ghorbani et al. (2015) to ob-
tain crack patterns and measure crack openings on RC beams and
masonry walls, respectively. DIC was also used by Sas et al. (2012)
to obtain the principal strain distribution in the shear span of a
bridge tested to failure.

Two stereo ICSs, Aramis 5M and Aramis 2M (GOM mbH,
Braunschweig Germany), were used to measure the deformation
of the tested specimen and the deformation of the test rig supports
(Fig. 2). The setup of the systems was similar, and both used
lenses with a focal length of 12 mm; however, cameras with
2,448 × 2,048 pixel resolution and 1,600 × 1,200 pixel resolution

Fig. 2. (Color) (a) ICS setup (dimensions in millimeters); and (b) overview of setup—Panel LO1.
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were used for the systems on the tension side and on the compres-
sion side, respectively. A plan view of the ICS positioning relative
to the specimen faces is shown in [Fig. 2(a)]. Both systems were
calibrated using 40 pictures of a 700 × 560 calibration object in
different positions and orientations, for a calibrated measurement
volume of 1,900 mm ðXÞ × 1,685 mm ðYÞ × 1,685 mm ðZÞ. PT
was used to determine the out-of-plane displacement at the loca-
tions specified in Fig. 3. Optical targets (i.e., 16-mm-diameter
stickers consisting of a white disc on a black background) were
placed at key locations on the surface of each specimen. The targets
were mainly used to provide reference measurements of panel
location relative to a coordinate system and to allow the live
monitoring of displacements during testing. Points referred to as
Ref. 1–Ref. 4 were placed 100 mm from the edge of the panel
(Fig. 3). These points were used as references for defining the ori-
gin and orientation of the axes of the global coordinate system
(GCS), where X = horizontal axis, Y = vertical axis, and Z =
perpendicular to the XY plane. The origin of the GCS is at the
west-side bottom corner of the panels in the center of the cross-
section. Targets denoted as D1–D7 are placed at locations where
the out-of-plane displacement was measured.

For DIC measurements, a white base layer was applied to the
surface of the specimen, and a random speckle pattern was sub-
sequently applied using black ink. The image was divided into sub-
sets of 20 × 20 pixels, with a 10-pixel overlap between consecutive
facets in both directions [Fig. 2(b)]. This choice of facet and step size
yielded suitable resolution and precision. The calibration deviation
of the ICS system was 0.03 pixels. For the measurement volume
considered, a displacement precision and a strain precision of
0.05 mm and approximately 200 μm=m, respectively, were realized.

Experimental Results

A summary of the test results is presented in Table 1. The results are
presented as load versus in-plane and out-of-plane displacements.
The strain response of the steel reinforcement, fiber net, and con-
crete is also presented.

Control Specimen: Solid Wall

Load-Displacement Response
The applied load (P)–vertical displacement (δy) response and the
maximum out-of-plane deformation (δz) response are shown in

Fig. 4(a). δy is computed as the average of the results obtained
from the two LVDTs that measure the displacement of the loading
beam relative to the reaction frame. δz represents the out-of-plane
deformation measured at the location where the highest panel-
surface deformation values occur consistently (i.e., location D3,
see Fig. 3). The maximum load capacity of the panel (Pmax),
and the corresponding δPmax

y , and δPmax
z values are listed in

Table 1.
The P–δy response was linear or quasi-linear for loads of up to

95% Pmax, and nonlinear thereafter. Once Pmax was reached, the
failure mechanism was activated, as evidenced by a rapid decrease
in P and a sharp increase in δz.

Fig. 4(b) shows the out-of-plane deflection profiles obtained
from DIC full-field measurements along horizontal (X) and vertical
(Y) sections created in the middle of the panel. These profiles are
obtained at loads of 1.0 MN, 1.5 MN, 95% Pmax (1.7 MN), and
Pmax (1.8 MN), panel deformation in both directions occurs in
all cases. Along the y-axis, the deformations near the top half of
the panel (Y coordinate ¼ 675–1,350 mm) are higher than those
at the bottom of the panel (Y coordinate ¼ 0 to 675). This indicates
that the top support underwent a small translation, whereas the
bottom support was fixed. The shape of the deformation profiles
is consistent with the pinned-support conditions assumed for
both the X and Y directions. The test setup is symmetrical with
respect to the x-axis. However, the out-of-plane displacement pro-
file along the X section shows a slight dissymmetry, particularly
close to Pmax, with higher values occurring on the east side
(X coordinate ¼ 900–1,800 mm). The maximum out-of-plane dis-
placement at Pmax, measured at the midheight of the east and west
lateral support frames, were 2.90 and 2.30 mm, respectively. The
difference between the displacements of two support frames can be
attributed to different tolerances between bolts and holes in the steel
profiles of the two lateral support frames.

Large deflections of the panel, with magnitude denoted by
the red area between the displacement profiles [Fig. 4(b)], were
recorded when the load was increased from 95% Pmax to Pmax.
These deflections are indicative of the impending loss of element
stability.

Steel and Concrete Strain Response
Fig. 4(c) shows the strain development in the steel reinforcement
bars (four horizontal strain gauges G1xs − G4xs and one vertical
strain gauge G5ys) and the DIC-determined principal tensile-strain
distribution, at Pmax, on the tension side of the panel surface.

Fig. 3. (Color) Instrumentation of each specimen type relative to the global coordinate system.
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In terms of cracking pattern, the tensile-surface strain distribution
offers a good representation of the condition of the panel at Pmax.
At Pmax, cracks open from the corners of the panels at 20–35°
inclination with respect to the vertical axis and progress until con-
tinuous cracks arch over the height of the panel on each lateral side
at failure.

The strain in the horizontal bars increases slowly with increas-
ing load of up to 95% Pmax, and rapidly thereafter. G1xs and G4xs ,
which were closer to the corners of the panel, recorded higher
strains at Pmax than G2xs and G3xs . This concurs with the strain
distribution on the tension side of the panel, where broader
high-strain bands [i.e., red lines in Fig. 4(c)] occur at the corners
of the panel than at other locations. The maximum strain in the
horizontal reinforcement measured using strain gauges at ultimate
load was 2,228 μm=m, which was close to the yield limit
(2,830 μm=m). However, owing to the local nature of these mea-
surements, recording of the maximum strain occurring in the
reinforcement may be prevented by cracks forming in locations
other than the strain-gauge position. Therefore, compared with
the strain-gauge measurements, DIC measurements may better
represent the global behavior of the tested panels. Larger cracks
were observed on the east side of the wall than on the west side,
where all strain gauges were installed, suggesting that the reinforce-
ment might have yielded, although, this was not recorded by strain
gauge measurements.

Compressive strains in the vertical reinforcement (i.e., G5ys)
increased linearly up to 524 μm=m at 95% Pmax. Thereafter, the
strain started to decrease becoming almost zero at Pmax, and high
tensile strains developed rapidly in the vertical bar upon initiation
of the failure mechanism. Huang et al. (2015) observed a similar
strain response for the vertical reinforcement of OW solid panels,
where, at failure, the location of the neutral axis was shown to move
toward the compression side of the panels.

Fig. 4(d) shows the evolution of the concrete strain on the
compression side and the principal compression-strain distribu-
tion, at Pmax, obtained using strain gauges and DIC, respectively.
Measurements were obtained from all gauges except G11yc, which
malfunctioned. Even at Pmax, the strains measured in the horizon-
tal ðXÞ direction were substantially smaller than those measured
in the vertical ðYÞ direction. In general, the strains measured along
the vertical direction increased nonlinearly with the applied load.
The differences among the readings of G15yc, G17

y
c, and G13

y
c are

attributed to the fact that, at failure, only gauge G13yc intercepted
the concrete crushing band. The compressive-strain distribution
obtained at Pmax concurs with the strain gauge measurement
results. The load is distributed across the entire panel, with a mean
strain of 2,000 μm=m across the surface, with more pronounced
concentrations (of ∼2,800 μm=m) occurring in the east-top
corner than in the other corners. The higher strain concentrations
on the east side result from the difference in lateral support

Fig. 4. (Color) Response of SW: (a) load versus δy and δz; (b) out-of-plane displacement profiles; (c) load versus steel strain and tensile strain
distribution, at Pmax; and (d) load versus concrete strain and compressive-strain distribution, at Pmax.
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displacement. A more uniform strain distribution across the
surface of the panel would perhaps lead to a higher maximum
capacity of the solid panel.

Failure Mode
After Pmax, cracks on the tension side progress rapidly from the cor-
ners of the panels at 45–50° inclination, with respect to the vertical
axis, toward the middle of the panel. Similarly, on the compression
side, high-compression strain bands progress from the corners of the
panel toward the center following the same path as the major cracks
on the tension side (Fig. 5). The moment immediately preceding
failure is denoted by the symbol × on the P–δz curve [Fig. 6(a)].
The failure was similar to that of two-way action concrete plates,
characterized by diagonal cracks on the tension side and concrete
crushing in the corresponding locations on the compression side.
This observation is consistent with those reported in previous studies
(Saheb and Desayi 1990a; Doh and Fragomeni 2005; Popescu
et al. 2016). After Pmax, the load-carrying capacity of the panel de-
creases, and the vertical displacement increases at a constant
rate (0.003 mm=s). Furthermore, the strains on the compression side
increase continuously toward the center of the panel, and cracks on
the tension side open continuously (Fig. 5). Simultaneously, the
out-of-plane displacement increases rapidly [Fig. 4(a)]. At Pmax,
the mean concrete compressive strain on the compression side
was 2,000 μm=m, lower than the concrete strain at peak stress
(εc1 ¼ 2,600 μm=m) calculated according to EC 2 (CEN 2005),
based on the fc. This indicates that the panel fails primarily via
buckling (Huang et al. 2015). In other words, at failure, the panel
becomes unstable and undergoes inelastic buckling.

Strengthened Specimens with Openings

Load-Displacement Response
The response of specimens with openings, namely SO1, SO2, LO1,
and LO2, is shown in Figs. 6–9, respectively. Figs. 6–9(a) show
the previously defined P–δy and P–δz responses. In addition,
Figs. 6–9(b) show the out-of-plane deflection profiles obtained
from DIC full-field measurements, along X and Y sections created
in the middle of the panel. These profiles were obtained at loads of
1.0 MN, 1.5 MN (for panels with small openings only), 95% Pmax,
and Pmax (see Table 1 for the Pmax associated with each tested
panel). The capacity of both SO panels was higher than the capacity
of SW (i.e., the target capacity), whereas the capacity of the LO
panels was lower.

Up to Pmax, strengthened panels exhibit a quasi-linear load–
vertical deformation (P–δy) response. In terms of out-of-plane
deformations, for panels with openings, the P–δz response is
quasi-linear up to about 1.0 MN and nonlinear thereafter. The
applied load decreases abruptly after Pmax and, unlike for SW,
the strengthened panels all fail when Pmax is reached.

Like SW, the strengthened panels exhibited double-curvature de-
formations, which are representative of pinned supports, although
due to the openings, the deformed shapes differ from those of
SW. Deflection profiles along the horizontal section show a greater
dissymmetry, compared with those of SW. Observed out-of-plane
deflections of the east side support were 0.9 to 1.4 mm larger than
of the west side support, compared to the 0.6-mm difference ob-
served between the two side supports of SW. The horizontal deflec-
tion profiles of SO panels show a smaller curvature than that

Fig. 5. (Color) Surface strain distribution at maximum and failure loads.
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corresponding to SW, and the horizontal profiles of the LO panels
as well are linear. Moreover, deflections of the LO and SO panels
increase gradually (rather than suddenly as in the case of SW) with
loads ranging from 95% Pmax to Pmax.

Steel and Fiber-Bundle Strain Response
Figs. 6–9(c) show the strain development in the steel reinforcement
bars and the distribution of principal compressive strains, at Pmax,
on the compression side of SO1, SO2, LO1, and LO2, respectively.
Similarly, Figs. 6–9(d) show the strain development in the FRCM
fiber bundles and the distribution of principal tensile strains, at
Pmax, on the tension side of the panels.

During the concrete surface-preparation process, the water jet
cut the wires of strain gauges G1xs and G2ys on panel SO2. Strain
gauges applied to the fiber bundles all performed measurements,
except for G6xf and G2yf attached to panels LO1 and LO2, respec-
tively. Furthermore, a hard disk drive error occurred during testing,
thereby preventing full-field measurements on the compression
side of the LO2 panels.

In general, the ICS-determined strain distribution revealed, as in
the case of the SW panel, higher levels of strain on the east pier of
each panel than on the west pier. Tensile strains and compressive
strains were measured on the horizontal steel reinforcement and the
vertical reinforcement, respectively. Measurements byG3xs indicate
that in all cases the steel bars yielded or were close to the yield
limit (2,830 μm=m). However, the strains measured on the hori-
zontal steel reinforcement bars were significantly lower than those

measured on SW. Compressive strains were recorded for the ver-
tical steel reinforcement bars, and for panels with openings, these
strains were all higher than those measured for SW.

In SO1 and SO2, compressive strains at Pmax are higher along
the edges of the openings than along the lateral supports, consistent
with the results obtained for steel reinforcements in SO1 [Figs. 6(c)
and 7(c)]. Measurements of the reinforcements revealed that the
strains in a vertical bar close to the edge of the opening (G2ys),
are two times higher than those measured close to the middle of the
pier (G5ys).

For specimen LO1, the compressive strain at Pmax was distrib-
uted relatively uniformly over the width of the pier [Fig. 8(c)].
This is consistent with strain measurements on the vertical steel
reinforcement, where similar levels of strain occurred at locations
G2ys and G5ys for both LO1 and LO2 panels [Figs. 8(c) and 9(c)].

The strain evolution of the fiber bundles was similar to that
of the steel reinforcement, although the strains measured on the
bundles were, in general, smaller than those on the reinforcement.
The maximum strain recorded for C-FRCM and PBO-FRCM
were 716 and 1,171 μm=m, respectively. The strains recorded for
PBO-FRCM were in general slightly higher than those associated
with C-FRCM. Debonding strains of 5,600 and 10,000 μm=m
have been determined from direct lap-shear tests on C-FRCM and
PBO-FRCM joints, respectively (Sneed et al. 2014; Sabau et al.
2017). This suggests that the fiber bundles remained bonded to
the matrix up to failure.

Fig. 6. (Color) Response of SO1: (a) load versus δy and δz; (b) out-of-plane displacement profile; (c) load versus steel strain and tensile strain
distribution, at Pmax; and (d) load versus fiber strain and tensile strain distribution, at Pmax.
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However, strain-gauge measurements are performed on a local
level and, for the same applied load, different bundles may expe-
rience different levels of strain (Sabau et al. 2017). In addition,
strain gauges were installed only on the west pier, where strains
were generally lower than on the east pier and, hence, the maximum
strain in the bundles may have been considerably higher than the
measured values. The tensile-strain distribution at Pmax offers a
good representation of the crack patterns immediately preceding
failure. The strain distributions on panels with small openings in-
dicate that, as in the case of SW, crack-opening began at the corners
(at an inclination of 20–30° with respect to the vertical axis) and
progressed to the middle of the pier. The strain distributions of
panels with large openings reveal that crack-opening began at
an inclination of 40–50° with respect to the vertical axis. Moreover,
the cracks on the top side of the pier and those at the bottom of the
pier seem to progress toward the corner of the opening and the mid-
height of the pier, respectively. In all cases, strain concentrations
occurred at the corners of the openings on the compression side
and at the corners of the panels on the tension side.

Failure Mode
The strengthened panels with openings all failed via concrete
crushing at the bottom of the east pier, just above the contact with
the reaction beam. In this case, the failure mode differed from that
of SW, in which failure occurred owing to a loss of panel stability.
The failure of the east pier can be attributed to the larger out-
of-plane deformations observed here, compared to the west pier.

According to Popescu et al. (2016), axially loaded panels with
openings collapse when failure of one pier occurs, and the ultimate
capacity is obtained by multiplying the capacity of the weakest pier
with the total numbers of piers. Therefore, when evaluating the
capacity of the panel, the characteristics of the weakest pier
(i.e., the pier with the large deformations) are considered.

The FRCM became partially detached in the crushed region
and, after the test, removing the FRCM composite from this re-
gion revealed the extent of the crushed zone (Fig. 10). Concrete
aggregates remained attached to the composite, indicating that
FRCM detachment occurred after concrete crushing. After
failure, PBO-FRCM-strengthened panels had finer cracks than
their C-FRCM-strengthened counterparts, as revealed by compar-
ing the strain, at Pmax, on the tension side of the panels.

Discussion

Capacity Enhancement

Both FRCM composites restored the capacity of walls with small
openings to that of the solid wall (see Table 1). However, the capac-
ity of walls with large openings was only 75% that of the solid
wall. Moreover, due to higher dissymmetry observed in the deflec-
tion profiles of walls with openings compared to the solid wall, the
associated reductions in the panels’ capacity are higher for walls
with openings. Therefore, the enhancement provided by the FRCM

Fig. 7. (Color) Response of SO2: (a) load versus δy and δz; (b) out-of-plane displacement profile; (c) load versus steel strain and tensile strain
distribution, at Pmax; and (d) load versus fiber strain and tensile strain distribution, at Pmax.
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strengthening can be seen as a lower bound, with higher capacity
increments achievable for cases when deformations are more
evenly distributed between two piers.

Axial strength enhancement is defined as the ratio of the capacity
associated with a strengthened element to the capacity of a reference
element, usually the same type of element before strengthening.
The reference values are determined based on the results of a recent
experimental study conducted by the authors (Popescu et al. 2016),
in which the effect of cutout openings on the axial strength of similar
panels was investigated. Reference values (SOref and LOref ) corre-
sponding to 36 and 50% of the capacity of SW (Table 1 and Fig. 11)
were obtained for the panels with small openings and large open-
ings, respectively.

The capacity of SO specimens strengthened with C-FRCM and
PBO-FRCM were 185 and 161% of reference capacities, respec-
tively. The capacity of LO specimens strengthened with C-FRCM
and PBO-FRCM was 148 and 150% of the reference capacities,
respectively. Because the failure mode (concrete crushing) re-
mained unchanged for all strengthened panels, the differences in
strength enhancement between C-FRCM and PBO-FRCM for
the same type of panel are attributed to the normal variations of
concrete material properties and possible variations in the boundary
conditions.

Stiffness Enhancement

Fig. 11(a) shows the applied load versus the out-of-plane displace-
ment measured at location D1 (δD1

z ) on all the tested specimens.

As the figure shows, the stiffness of the strengthened LO panels
is restored to that of the SW panel, and the stiffness of the SO panels
is higher than that of the SW panel. These results concur with those
of studies in which masonry panels that were strengthened with
FRCM on only the tension side and tested in one-way action exhib-
ited higher stiffness than the nonstrengthened panels (Escrig et al.
2015). Therefore, the stiffness increase can be attributed primarily to
the FRCM layer applied on the tension side, although the reduction
of the eccentricity relative to the panel thickness might also play a
significant role in this case. The rigidity of the element against out-
of-plane deformations is important in reducing the influence of
second-order effects and increasing the capacity of the elements.

In terms of existing structures, changes in the axial rigidity of
wall panels influence the distribution of load between vertical load-
bearing elements. The axial rigidity of a panel may be reduced by
cutout openings. However, to the authors’ knowledge, the influence
of openings on the axial rigidity has yet to be reported. Fig. 11(b)
compares the load–δy response of the tested specimens. As the
figure shows, the axial stiffness of SO panels matched that of
the SW panel, whereas the stiffness of LO panels was lower.
Further studies are needed to determine the influence of openings
and strengthening solutions the axial stiffness of concrete panels.

Ultimate Capacity Analysis

In this section a comparison is made between experimentally ob-
tained capacity and predictions of analytical models proposed by

Fig. 8. (Color) Response of LO1: (a) load versus δy and δz; (b) out-of-plane displacement profile; (c) load versus steel strain and tensile strain
distribution, at Pmax; and (d) load versus fiber strain and tensile strain distribution, at Pmax.
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Fig. 9. (Color) Response of LO2: (a) load versus δy and δz; (b) out-of-plane displacement profile; (c) load versus steel strain and tensile strain
distribution, at Pmax; (d) load versus fiber strain and tensile strain distribution, at Pmax.

Fig. 10. Failure mode of strengthened panels—concrete crushing at the bottom of the east pier.
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Doh and Fragomeni (2005) for the solid walls and by Guan et al.
(2010) for walls with openings. The chosen models were previ-
ously shown by Popescu et al. (2015) to outperform current design
codes in terms of accuracy. It should be noted that the models were
not developed for walls with strengthening; therefore, a perfect
agreement between experimental and theoretical values of ultimate
capacities was not expected. However, the strengthened panels
could be considered as having two layers of reinforcement, placed
symmetrically on each face, and treated as a normal RC wall with
an opening.

Doh and Fragomeni (2005) proposed a semiempirical equation
for predicting the ultimate load ðNuÞ capacity of low- and high-
strength concrete walls supported on two or four sides, with a
slenderness ratio H=t ≤ 40, and aspect ratio 0.5 ≤ H=L ≤ 1.6:

Nu ¼ 2f0.7c ðt − 1.2e − 2eaÞL ð1Þ
where fc = concrete compressive strength; t = panel thickness;
e = initial load eccentricity; ea = additional eccentricity that

accounts for the effect of slenderness, also known as second-order
effects; and L = length of the wall, as shown in Fig. 12.

The additional eccentricity ea, can be estimated as

ea ¼
ðβHÞ2
2500t

ð2Þ

where β = effective height factor that takes into account the aspect
ratio and the boundary conditions. For walls restrained on four
sides and having H < L:

β ¼

8>><
>>:

α
1

1þ ðHLÞ2
for H ≤ L

α
L
2H

for H > L
ð3Þ

where α = eccentricity parameter:

Fig. 11. (Color) Load versus displacement response: (a) out-of-plane displacement (δD1
z ); and (b) vertical displacement (δy).

Fig. 12. Geometric properties of SO panel. C = center of gravity SW; Cx and Cy = centers of gravity of panel with opening in horizontal and vertical
planes, respectively. (Adapted from Guan et al. 2010.)
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α ¼

8>><
>>:

1

1 − e
t

for H
t < 27

1

1 − e
t

·
18

ðHt Þ0.88
for H

t > 27
ð4Þ

Doh and Fragomeni (2005) modified the effective height factor
by incorporating parameter α to the factors available in EC 2
(CEN 2005) and AS 3600 (Standards Australia 2009).

Guan et al. (2010) updated the formula initially proposed by
Saheb and Desayi (1990b) for walls with openings, by incorporat-
ing an opening parameter that considers the combined effects of the
openings’ height, length, and location:

Nuo ¼ ðk1 − k2αxyÞNu ð5Þ
where Nu = capacity of an identical solid panel; and αxy = opening
parameter:

αxy ¼
αx þ λαy

1þ λ
ð6Þ

with

αx ¼
Lo þ dx

L
ð7Þ

and

αy ¼
Ho þ dy

H
ð8Þ

assuming a constant wall thickness, t. All terms in Eqs. (6)–(8) can
be determined from Fig. 12. In Eq. (5), k1 ¼ 1.358 and k2 ¼ 1.795
are constants determined through linear regression analysis.

Eq. (2) provides the theoretical value of the additional eccentric-
ity (etha ). Furthermore, the additional eccentricity was determined
experimentally (eexpa ), as the maximum out of plane displacement
of each panel, at failure, δPmax

z . Values of etha and eexpa are given in
Table 3.

The maximum capacity of the tested panels, Pmax, and the pre-
dictions given by Eq. (1) for the solid wall and Eq. (5) for walls with
openings (i.e., Nth and Nmod, considering etha and eexpa , respectively)
are given in Table 3. (i.e., Nth

u and Nmod
u , considering etha and eexpa ,

respectively). In all cases, t is taken as the measured total panel
thickness (i.e., for the strengthened panels t includes the thickness
of the FRCM strengthening).

Solid Wall

As can be seen from Table 3, Nth
u overestimates Pmax by 29%. This

can be explained by the fact that etha underestimates the second-order
effects. According to EC 2 (CEN 2005), β should be factored by
0.85 when the panels’ restraints are a flexural rigid. This suggests
that the Eq. (3) should be valid for panels having rotational capacity
at the restraints. The deflection profiles in Fig. 4(b) indicate a

curvature of the panel characteristic of elements with pinned sup-
ports. Moreover, considering eexpa , Nmod

u gives a safe estimate of the
capacity, 16% less than Pmax. This indicates that ea has an important
influence on the ultimate capacity of wall panels and indicates that
the current design equations greatly underestimate the value of ea,
leading to unsafe predictions.

Walls with Openings

It can be observed in Table 3 that Nth
uo overestimates the capacity of

SO1 and SO2 panels by 11 and 27%, respectively. Similar to the
solid wall, the etha underestimates the maximum deformation of the
elements. Moreover, Nmod

uo provided a better estimate of the capac-
ity, 5% less than Pmax for SO1 and 10% higher than Pmax for SO2.

For LO panels, Pmax was approximately 25% higher than Nth
uo.

Whereas also in this case etha underestimates the deflection of the
panels, when considering eexpa , Nmod

uo does not show a significantly
better performance compared to Nth

uo. This is in agreement with pre-
vious studies (Popescu et al. 2016) in which it was shown that the
effect of the initial eccentricity, e, is weaker for elements with large
openings. Similarly it appears that also the effect of the additional
eccentricity, ea, seems to be less important for elements with large
openings.

Using eexpa , the studied models provided capacities mostly on the
safe side. Therefore, using suitable safety factors, the model can be
used in estimating the capacity of FRCM strengthened TW panels
with openings. However, design models for axially loaded TW
panels are mostly empirical and developed based on a limited
of experimental tests; therefore, they are not always directly appli-
cable in practice.

Numerical models can be used to study the influence of several
parameters such as slenderness, boundary conditions, and reinforce-
ment layout on the capacity of RC panels with openings (Ho et al.
2016). In addition, numerical models can be used to quantify the
influence of parameters pertaining to the FRCM strengthening such
as layer thickness, fiber reinforcement ratio, and mortar strength
(Wang et al. 2017). Thus, numerical models can be used to provide
a basis for the further refinement of existing empirical equations
trough factors considering the aforementioned parameters. How-
ever, to provide reliable results, numerical models should be verified
using experimental tests such as those reported herein.

Alternatively, models based on observed failure modes that can
consider the actual deformation of TW action panels and the prop-
erties of constituent materials (i.e., concrete, steel reinforcement, or
FRCM composites) should be developed. For example, a general
analytical approach based on concrete plasticity and limit state de-
sign was recently proposed by Popescu et al. (2017c) for walls with
openings strengthened by FRP confinement.

Contribution of FRCM Strengthening

The contribution of the FRCM can be considered from two perspec-
tives, geometrical and mechanical. The geometrical contribution is

Table 3. Comparison between experimental and predicted maximum loads

Specimen Pmax (MN) t (mm) etha (mm) eexpa (mm) Nth
u (MN) Nth

uo (MN) Nth=Pmax Nmod (MN) Nmod=Pmax

SW 1.80 60 7.17 12.8 2.32 — 1.29 1.54 0.86
SO1 2.13 82 4.72 9.0 — 2.36 1.11 2.02 0.95
SO2 1.86 82 4.72 8.8 — 2.36 1.27 2.04 1.10
LO1 1.33 82 4.72 5.8 — 1.02 0.77 0.98 0.74
LO2 1.35 82 4.72 6.7 — 1.02 0.76 0.95 0.71

Note: Nth ¼ Nth
u for the solid panel andNth

uo for panels with openings calculated using etha ;Nmod ¼ Nmod
u for the solid panel andNmod

uo for panels with openings
calculated using eexpa .
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considered the capacity increase resulting from changes in the geo-
metrical properties of the panel. For example, with FRCM strength-
ening on both sides of the panel, the panel thickness increased, on
average, by 27% (from 60 to 82 mm), whereas the element slender-
ness decreased (from 22.5 to 16.5 mm). In turn, the eccentricity ratio
decreased from t=6 to approximately t=8, relative to the new panel
thickness.

The mechanical contribution is considered the FRCM-
composite-induced increase in the axial and moment capacity
of the cross section. The additional fiber reinforcement results in
increased resistance to crack opening on the tension side, and
the additional mortar layer on the compression side yields increased
cross-sectional area under compression.

Table 3 shows that that the predicted ultimate loads Nmod
u and

Nmod
uo were in reasonable correlation with experimental maximum

loads for SWand SO panels, respectively. However, for LO panels,
Nmod

x significantly underestimates the maximum capacity of the
panel. This can be explained by the fact that the current models
only take into consideration the geometrical contribution of the
strengthening and cannot account for the mechanical contribution
of the FRCM composite. Thus, for LO panels the mechanical con-
tribution of the FRCM strengthening can be estimated as the differ-
ence between, Pmax, and Nmod

uo , which represents approximately
28% of the experimentally obtained capacity.

For SO panels, it appears that the FRCM composite on the ten-
sion side does not provide any mechanical contribution. However, in
this case, the contribution of the FRCM composite in tension might
be less compared to the geometrical contribution or the design model
overestimates the geometrical contribution of the increased panel
section. Further studies are necessary to confirm these observations.

Conclusions

RC walls with openings acting as compression members strength-
ened with FRCM composites were experimentally investigated.
To the authors’ knowledge, similar tests on FRCM-strengthened
concrete walls have yet to be reported. The present work constitutes
a first step in establishing FRCM systems as reliable solutions for
strengthening concrete panels with cutout openings acting as com-
pression members. Four FRCM-strengthened panels with openings
and one solid nonstrengthened panel were tested to failure under
eccentric compression. Image correlation systems were used to mon-
itor the full surface of both sides of the tested panels. The test results
were discussed from the viewpoint of the observed failure modes
and displacement response, as well as strain measurements on the
steel reinforcement, fiber bundles, and the surface of the tested pan-
els. The appropriateness of existing design methods for RC panels
has been assessed in comparison with the experimental results.

The following conclusions are drawn based on the findings of
this study. Owing to the FRCM strengthening solution
• The capacity of the solid wall for panels with small openings
was fully restored, but for panels with large openings the
capacity was restored to 75% of the value associated with the
solid wall;

• The capacity of panels with small and large openings were
161–185% and 148–150%, respectively, the capacities of their
nonstrengthened reference counterparts; and

• The failure mode of the panels changed from inelastic plate-
buckling failure to concrete crushing at the bottom of one pier.
Furthermore,

• Concrete crushing occurred on the compression side before the
maximum tensile strength of the FRCM composites on the ten-
sion side was reached, which suggests that a lower amount of

fiber reinforcement, compared with the amount used, would
have provided the same capacity enhancement;

• The strengthening solution yielded both increased in-plane and
out-of-plane rigidity of the panels, and the out-of-plane rigidity
of the solid wall was restored for all panels, whereas the in-plane
plane rigidity was only matched for panels with small open-
ings; and

• The available design methods underestimate the influence of
second order effects in the design of solid panels and panels with
openings, by providing theoretical values for additional eccen-
tricity significantly smaller than the ones observed in this study.
The design models provided a better agreement with the test re-
sults when experimental additional eccentricity was used instead
of the theoretical one.
The findings of this study indicate that an FRCM strengthening

solution can be used for the repair and strengthening of RC panels
with cutout openings and provide foundations for future research.

The conclusions of this work are based on limited experimental
tests performed under short-term loading and, hence, generalization
based on these conclusions must be avoided. Finite-element
numerical models can facilitate further essential research on the
influence of an increased range of parameters, such as size of open-
ings, FRCM reinforcement ratio, and support conditions.
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