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Non-structural masonry infills in existing reinforced concrete (RC) frame structures are known to affect their
seismic behaviour significantly with potential detrimental effects. Increasing experimental evidence is available for
the use of composite materials, such as fibre-reinforced polymers (FRP) and textile reinforced mortars (TRM), for
in-plane retrofitting of brittle masonry infills. In order to apply such strengthening solutions in practice, adequate
analytical models for predicting the behaviour are needed, however the large variation in infill properties already
makes modelling the behaviour of non-retrofitted infills a challenge. Based on existing experimental and numerical
studies on retrofitted infills, a macro-model is proposed, comprising a tie to account for the tensile strength of the
composites materials, but also an increased compressive strut width due to the composite materials improving
connection of the infill to the frame. After compiling a database of experimental data for composite retrofitted
specimens tested in the literature, empirical equations for tie and strut strength was obtained. These equations
constitute the first unified approach for FRP- and TRM-strengthened infills and were verified against the largest
database of experimental results to date. The strut model was calibrated for the increase in strut width in terms of
experimentally obtained stiffness increase, while the tie model was determined based on the remaining increase in
strength. The empirical equations were shown to achieve a relatively high correlation with experimental results
and to represent the mechanics of tested specimens well in terms of observed damage, hence indicating their
potential for use as design-oriented equations for composite strengthened infills.

1. Introduction

The large proportion of existing reinforced concrete (RC) buildings
built before the 1970’s or 80’s, hence before the introduction of modern
guidelines that imposed more adequate seismic design of structures in
Europe [1], puts the existing building stock in seismic countries at risk of
significant economic losses, severe injuries and loss of human lives. In
recent earthquakes, non-structural masonry infill walls have been the
cause of unwanted brittle building failures, often altering the intended
response of a structure [2-4]. Under in-plane loading, the presence of
infill walls in RC frames generally leads to increased lateral resistance,
enhanced stiffness, and hence a reduction in displacement demand on the
frame [5-8]. Local failure of the infill panels due to in-plane mechanisms,
but also out-of-plane collapse triggered by in-plane damage, may cause a
sudden drop in capacity and hence brittle failure of the structure [9-13].
Infills are found responsible for high costs associated to losses even at low
intensity earthquakes due to damage in non-structural infills [14]. These
vulnerable structures require fast, reliable, and effective retrofit strate-
gies. The need for increasing the rate of retrofitting ageing buildings has
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also been recognised recently in the European Green Deal, which calls for
a ‘renovation wave’ of the existing building stock [15].

Composite materials can achieve strengthening of the masonry infills
and provide also adequate connection to the surrounding RC frame,
leading to a reliable and ductile response of infilled RC frames by utilising
the strength and stiffness of the masonry infills. For instance, fibre re-
inforced polymer (FRP) sheets have been applied as strips in the diagonal
of the infill wall, leading to considerable strength increase [16-18]. This
strength increase was however not found to be proportional to the strip
width [19]. Strengthening by means of horizontal FRP strips, in turn, did
not lead to significant increase in lateral capacity [20]. FRPs comprise a
very popular strengthening material due to their high strength to weight
ratio, small thickness increase and corrosion resistance. While high in-
creases in strength and ductility can be achieved with FRPs [21,22], their
application is also associated to some drawbacks, as the use of epoxy leads
to higher costs and the need for the use of protective equipment.

Instead of using epoxy-based resin as binder, inorganic matrices (e.g.
lime or cement-based mortars) can be combined with open-grid textile
reinforcement (i.e. glass, basalt, carbon), leading to so-called textile
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reinforced mortar (TRM) composites [23,24]. The use of mortars eases the
application of the strengthening and reduces its cost. Moreover, the ad-
vantages of TRM over FRP systems also comprise better fire resistance
[25,26] and behaviour at high temperatures [27-30], better bond and
strain compatibility with masonry, as well as their applicability at low
temperatures or on wet surfaces. Koutas et al. [31] applied TRM jacketing
for strengthening the masonry infills of a 2/3-scaled, three-storey RC frame.
Soft-storey failure was avoided, which led to an enhanced deformation
capacity and strength increase. Further tests on full-face application found
high strength increase and enhanced deformation capacities [32], parti-
cularly when mechanical interlock between textile mesh and mortar was
enhanced by means of braided textiles [33,34]. The use of TRM applied as
diagonal strips was found to be very effective, but the increase in width of
the diagonal TRM layers was not found to significantly affect this strength
increase [35]. TRM strengthening was also found to improve the interac-
tion of in- and out-of-plane mechanism in masonry infilled RC frames, with
reduction in in-plane damage found to improve the out-of-plane residual
capacity [36-38]. Recently, the use of TRM has been successfully demon-
strated for the out-of-plane strengthening [39], of masonry-infilled RC
frames, but also offered alternatives for the concurrent seismic and energy
retrofitting of RC and masonry building envelopes [39-42].

Despite increasing experimental evidence, simplified modelling is still
needed to facilitate the use of TRM and FRP for strengthening masonry-
infilled RC frames. Macro-models using compressive struts are commonly
used for simplified modelling of infilled frames [43], and the aim of this
paper is to propose a unified macro-modelling approach for composite
strengthened infilled frames. An overview of existing macro-models for
modelling composite-strengthened infilled frames is presented first; then
the definitions for a proposed strut and tie model are presented. A data-
base including all test results is developed, allowing for a sensitivity
analysis on the parameters affecting the strengthening effectiveness.

This paper develops a new macro-model for masonry-infilled RC
frames strengthened with composites. The presented model expands on
the state-of-the-art, by proposing empirical equations for increased a
compressive strut width together with the addition of a tensile tie, ex-
pressed with empirical equations calibrated against 26 experimental
tests. The proposed equations constitute the first unified approach for
FRP and TRM strengthened infills and are verified against the largest
database of experimental results to date. A design safety factor and a
design flow-chart are provided, highlighting the required parameters
and the use of the developed equations. The development of these
empirical equations for the strength and stiffness increase can hence be
seen as an early attempt for design-oriented equations for strut-and-tie
models for composite-strengthened infills, which may ease the im-
plementation of said retrofit schemes in the field.

2. Existing modelling approaches

In this section the state-of-the-art on the simplified macro-modelling of
composite-strengthened infilled RC frames is presented. While an in-
creasing number of researchers have published experimental evidence
highlighting the potential of using composite materials for strengthening
masonry-infilled RC frames, reliable analytical models are needed to en-
sure a wider use of such retrofit methods. Modelling of masonry infills and
their interaction with RC frames is a complex, but widely studied topic.
The addition of composite materials as retrofit material adds further
complexity to the problem. Advanced nonlinear finite element models of
retrofitted infilled RC frames may be able to produce accurate results [e.g.:
44], their computational cost is however prohibitive for the seismic as-
sessment of real buildings at scale and too complex for design-applications.
Instead, a macro-modelling approach could be an adequate tool for retrofit
design and assessment purposes, if reliable results can be obtained.

Macro-modelling of infilled frames is well-studied and exhaustive re-
view papers on compressive strut-models can be found [43,45-50]. The
principle of strut-models is that compressive strain is developed in the
diagonal of the infill due to the flexural deformation of the surrounding RC
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Fig. 1. Diagonal compressive-strut model for infilled frames.

members when increasing in-plane displacements are applied to the frame
[51]. This forms the basis for the diagonal strut approach shown in Fig. 1.

After infill-frame separation, the contact between panel and frame is
reduced to a contact length, z, giving rise to an effective compressive
strut width, w, which defines the area of masonry involved in the lateral
resistance. The degree of connectivity between the frame and the infill
influences the width of the diagonal compressive strut which is as-
sumed to resist the frame deformation under seismic loading [52]. If the
infill is well-connected to the frame, a larger portion of the infill resists
this deformation. In the case of poor connection, compressive forces are
resisted by a thinner infill strut. This leads to a more localised stress
concentration and hence early masonry failure.

To model infills retrofitted with composite materials, a macro-modelling
approach combining the compression strut with tie elements taking tensile
forces can be used. This may lead to a design-oriented tool for infill-retro-
fitting. The concept of combining a pair of diagonal macro-elements, with a
single strut for compressive forces and a single tie for tensile forces, was first
introduced by Binici et al. [53,54] for FRP-strengthened infills. The pro-
posed model provided adequate results in push-over analyses, as it was
shown to accurately estimate stiffness, strength and deformation capacity
for a limited number of tested frames. Akin et al. [55] tested this strut-and-
tie model by Binici et al. [53] for experimental results on three two-storey
FRP-retrofitted infilled RC frames. The strength of the tie was defined based
on the force resisted by the FRP reaching an effective strain of 0.2% in the
infill diagonal. The compressive strut parameters were however assumed
not to be affected by the FRP. The maximum strength of the experiments
was well predicted by the model, with analytical results lying within 15%
difference. The stiffness of the frames was however heavily underestimated,
with differences up to 70% between the model and the experiments. Erol
and Karadogan [16] also used a strut and tie macro-modelling approach for
modelling CFRP strengthened infills. Again, the compressive strut was as-
sumed not to be altered by the retrofit. The tensile tie force was based on a
maximum FRP strain of 0.3% in the diagonal. The experiment results were
well-matched by the analytical model in terms of maximum strength.

A strut-and-tie model was also used by Koutas et al. [56] to re-
produce their experimental results on an infilled three-storey RC frame
strengthened with TRM [24]. The effect of the TRM-retrofit was in-
cluded in the definition of the tie properties by evaluating the tensile
force in the retrofit material in the diagonal of the infill, assuming a
multilinear crack pattern. Again, effective strain in the tie, &,, was
found to be the main parameter affecting the model, with an estimation
of 0.8% for the single layer of TRM and 0.57% for the double-layer,
respectively found to match the results of the single experiment. To
define the stiffness of the tie, an effective tie length, accounting for the
crack distribution along the diagonal is used. Values between 0.11 and
0.5 of the diagonal length were found to have limited effect on the
model, with a suggested value of 0.25. Recently, a calibration study for
a database of TRM-strengthened specimens has offered an empirical
equation for effective strain used to modify this model [57].

In terms of the compressive strut, material characterisation tests on
masonry wallets strengthened with composites have shown that while
the cracking stiffness is enhanced significantly, the vertical compressive
material properties of the retrofitted infill itself are not altered con-
siderably by the retrofit [e.g.: 54]. The compressive strut may however
still be affected by the composite retrofitted as hypothesised by
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Breveglieri et al. [44], who proposed an increase in strut width, w, due
to FRP-strengthening of the masonry-infill panels. This increase may be
associated to the better connection of the infill to the frame, as well as
the enhanced confinement of the masonry elements. By means of a fi-
nite-element model (FEM) calibrated on experimental results, a cor-
rection factor, €, for strut width increase was proposed in [44] for FRP-
strengthened infills and is defined based on the reinforcement ratio of
FRP in the plane of the strut, psin Eq. (1):

Q; = 0.24Inp; + 2.67(R* = 0.86) )

where the FRP reinforcement ratio is given by the fraction of FRP area,
Ay, projected from the angle of the tie, 6, onto the axis of the vertical,
over the area of masonry infill (h,1,) in Eq. (2):

Ay ecosf

Py = (in%)

Ry ol 2
This coefficient has been calibrated by Breveglieri et al. [44] based on
their parametric FE-study for an infilled frame strengthened with FRP
strips of varying thickness and width. As can be seen, the coefficient of
determination, R, is close to 1, indicating an adequate goodness-of-fit.
In conclusion, based on the available literature, the effectiveness of
the composite retrofit for masonry-infilled RC frames may be char-
acterised by an increase in strength due to two mechanisms. On the one
hand, the strengthening is characterised by the addition of a tensile tie
compared to a sole strut-model for unreinforced masonry infills. This tie
adds to the capacity of the infill by bridging the cracks in the masonry.
In the models provided in the literature, this tie is usually calibrated
based on very limited experimental data, giving one fixed value of
tensile strain to calculate the tie force. On the other hand, also the
compressive strut properties are enhanced by the retrofit, as the com-
posite material improves the connection of the infill to the frame, hence
activating a wider compressive strut. A limitation of most models to
date, is that this effect is not considered, apart from the model by

Table 1
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Breveglieri [44], which however uses only one configuration and is
calibrated on results from finite element modelling.

3. Proposed strut and tie definition for retrofitted infills

This section describes the proposed strut and tie modelling ap-
proach for composite-strengthened infills taken in this study. As shown
in the previous section, the existing models proposed in the literature
are only compatible for the specific method of strengthening evaluated
and are usually based on a single experiment and typically add only a
tensile tie without adapting the strut width. In order to achieve a uni-
fied macro-model for masonry infills strengthened with composite
materials, it is proposed to define a model that includes not only a di-
agonal tie resisting a diagonal cracking pattern across the infill, but also
an increase in strut-width due to enhanced infill-to-frame connection.
The latter has so far only been considered using FEM-derived data by
Breveglieri [44]. The proposed model will however be calibrated for a
larger data set, using all available experimental results.

As can be seen in Table 1, geometrical parameters for different retrofit
methods are diverse, with application of the composite over the full surface
of the infill or as strips and different orientations of the fibres or meshes. To
achieve a unified macro-model, that encompasses different materials and
layouts of retrofit application, a reinforcement ratio compatible for the
different types of composite retrofit, the effective geometrical ratio of
composite reinforcement, peg, is first needed to be defined. This is similar to
the ratio defined in Eq. (2) for FRP strips applied in the diagonal of the
frame, but accounts for application of the composite in other angles than
the diagonal, as well as composites that are not applied as strips.

As shown in Fig. 2, an effective width, wge, of activated material in
diagonal tension is first defined. The angle « is defined as the angle of
the composite applied, with directions i accounting for uni- or bi-di-
rectional materials. The use of an effective tie-width is analogous to the
effective strut-width defined for macro-models of infills in compression

Summary of masonry-infilled RC frames strengthened with composite materials in the literature.

Type Layout

Strengthening material Fibre direction Examples

Orthogonal TRM

TRM at 45°

Diagonal TRM/FRP strips

Horizontal FRP strips

o e e s e s e e s s e e |

| o S e s |

Fibre-textile 2 [31,32,34,36,37]
Fibre-textile 2 [36]

Fibre-textile or Fibre-sheet 2or1l [16-19,35]
Fibre-sheet 1 [20]
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Fig. 2. Definition of local axes for the proposed diagonal tie model.

[58]. It considers that only a part of the area of the composite is in-
volved in resisting the diagonal tension developed under horizontal
loading, as cracking is not extended along the entire length of the tie
diagonal. Note that for specimens in which the retrofit is applied as
diagonal strips thinner than wes e, the actual width of the strip is used.

This follows a similar logic to the concept of effective tie length used
to define the stiffness of ties in previous macro-models. Here, the con-
cept of effective tie width is used instead, as it affects the tie strength in
an analogous way to the strut width. With the limited amount of ex-
perimental evidence, it is difficult to determine a precise value or
equation for wge. Breveglieri et al. [44] considered half of the diagonal
length (d,,), while Koutas et al. [56] found that varying between 0.11
and 0.5-d,,, has limited effect and suggested a value of 0.25d,,. In terms
of experimental evidence, Ismail et al. [35] tested the effect of three
different TRM widths in the diagonal (1/6, 1/3 and full area) and found
that the strength increase between them is relatively limited, particu-
larly for stiffer carbon textile. Likewise, Altin et al. [19] found that an
increase in diagonal FRP strip width between 0.13 and 0.27 of the di-
agonal width does not lead to a proportional strength increase, with
limited strength increase for the wider strips.

In this study the value of 0.25-d,, is initially used as maximum ef-
fective width, however an empirical assessment and verification of the
selected value is provided in Section 4.

Wefr,0 = 0.25+d,, 3)

The effective area of the tie is then evaluated based on the nominal
thickness, tyom, of the strengthening material and an effective width,
Wegp in each direction i. For bi-directional composites the effective
width then needs to be transformed into the two directions of the mesh.

Wegr,1 = €08(6 — o) *Wepr 6 €))

Wefr,2 = SiN(8 — a) *Wepr. g (5)

The nominal thickness, t,,, calculation is based on the nominal or
equivalent thickness of the sheet or textile, which can be calculated
based on the weight and fibre density [24]:

a*W
I “fibre (6)

thom =

where a represents the fraction of the fibres in the respective direction
(a = 1 for FRP and a = 0.5 for TRM with equal fibre distribution in the
two directions, or according to the actual fibre distribution), W stands
for the weight per m* and pyyy is the fibre density per m® The total
effective area in the direction of the diagonal is then given by Eq. (7):

Agfp = NgoNy*tyom *Wepr,6[c0s(6 — ) + sin(6 — )] @
where ny is the number of retrofitted sides (1 or 2) and n; the number of

applied layers per side. The effective geometrical ratio can then be
expressed according to equation

Ay »cosb

pe}f - hyely ®
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Note that in the case of diagonal FRP application the sin term in Eq.
(7) cancels out so that the same result as Eq. (2) is obtained.

From the effective geometrical ratio, the mechanical reinforcement
W, is defined in Eq. (9), which also includes the ratio of the ultimate
strength of the retrofit material, f,, and the compressive strength of the
infill wall f, ing

_, . n
C‘)eff - Ioeff *
m,inf (9)

3.1. Compressive strut definition

A number of analytical expressions exist for the definition of the
strut parameters for macro-modelling masonry infills [e.g.: 58-61]. The
empirical Eq. (10) for the equivalent strut width (w) by Mainstone
[58,62] is widely accepted [e.g.: 45,48,63] and is also used here:

w = 0.56(1«H)875ed,, [m] (10)

H is the height of the frame, d,, the length of the diagonal, and A
represents the relative panel-to-frame stiffness defined by Eq. (11) by
Stafford Smith and Carter [60]:

[ By oting +5in26
| Em inf [m‘l]

/1 = 4]
V 4'Ec ‘I'hw (11)

With E,, and E,, the elastic moduli of the masonry infill and the
concrete framing members, respectively, t;, the wall thickness, h,, is the
infill wall height, I the second moment of area of the column. Note that
according to ACI 530-11 [64] E;, = 700ef,, ;,, if an experimental value is
unavailable. The strut force is then defined as the product of the
maximum compressive infill strength in the direction of the strut, f;, ¢,
and the strut area (W't;,)). A commonly adopted empirical equation for

the former is defined by Decanini et al. [65] in Eq. (12):

L.12+f, ;¢ +sinecos6 [MPa]

Jno = K1e(A+H) %12 + K2« (AeH )38 12)

Such an approach is compatible with the chosen strut width defi-
nition and uses empirical parameters K1 and K2 defined based on the
values of A [65].

Again based on the strut width, the secant stiffness, K,,,, of the infill
is calculated using Eq. (13):

K, = M-cosze[kN/mm]
dp 13)

The increase in strut width due to the composite retrofit, hence
affects the strut force and strut stiffness. Under the assumptions of the
equations used for the strut and tie model, the increase in secant stiff-
ness is only affected by the increase in strut width. To define the non-
dimensional strut width increase factor €2, the data from Breveglieri
et al. [44] is used for comparison. However, the original Eq. (1) is
modified, as the logarithmic definition leads to negative values at near-
zero effective geometrical ratios peg. Instead the fitting curve is adapted
to render a value of £; = 1 when no retrofit is applied (p,r = 0).
Moreover, the modified equation uses the mechanical reinforcement
W, still keeping the non-dimensionality of Q.

Qs mod = 0.142wer "7 + 1(R? = 0.90) 14)

As shown in Fig. 3, the proposed equation matches the data from
finite-element modelling well and actually presents a similar goodness
of fit (R*-value) to the original Eq. (1).

As the increase in secant stiffness, defined in Eq. (13), is directly
proportional to the increase in strut width, the modified fit equation for
Q, will be assessed by comparing it to the increase in stiffness obtained
experimentally for all the experimental specimens available in the lit-
erature. Using the experimental data, a new empirical equation will be
proposed based on the increase in secant stiffness.
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Fig. 3. Modified fit equation for strut width increase due to composite retro-
fitting.

3.2. Tensile tie contribution

The tensile tie contribution is finally determined based on the ex-
perimentally obtained strength increase between the retrofitted speci-
mens and their respective control ones. This approach, shown in Fig. 4,
is based on maximum obtained base shear and is similar to other studies
evaluating macro-models for retrofitted infilled frames [e.g.: 16,19].
Assuming the RC frame itself is unchanged, the difference in capacity
between retrofitted and control (non-retrofitted) specimens
(AVexp = Vet — Veon), can be defined as the sum of the increased com-
pressive strut force, AV, due to the increased strut width by the new
Q; factor and the tensile force in the tie at the peak force, V.. Hence,
AVep = Viie + AV

Due to the variety of specimens in the experimental database, it is
useful to also define the tie strength in terms of a strength increase due
to the tie contribution (£2,,) normalised by the compressive strut force
of the unretrofitted infill wall (Vo) according to Eq. (15), which is
analogous to the definition of the increase in strut capacity, Qs

Retrofitted
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Vlie

V;'trut,c

e = (15)

The above assumption clearly depends on the obtained failure mode
in the experiments, most crucially, none of the specimens chosen failed
due to a failure of the RC frame. A check of the obtained strain in the
composite material is later performed (see Section 5.1), to ensure that
the tie force is below the force corresponding to its fracture.

4. Calibration of empirical modelling equations

This section presents the calibration of the empirical equations for
the proposed strut and tie model based on an experimental database of
available studies on TRM and FRP retrofitted infills.

4.1. Experimental database

To derive an empirical equation to be used with the proposed unified
macro-model for composite retrofits, experimental data from the literature
was gathered for masonry-infilled frames strengthened with textile re-
inforced mortars (TRM), as well as fibre-reinforced polymers (FRP).
Table 2 summarises the parameters and experimental results for 26 ma-
sonry-infilled RC frame specimens retrofitted with composite materials
tested in the literature. Note that only frame specimens with a strong
frame-weak infill configuration tested under cyclic loading are chosen, as
well as specimens with an observed increase in strength and stiffness.
Instead of using orthogonal textile meshes, the use of steel grids embedded
in a thin layer of plaster for strengthening infills (reinforced plasters) is an
alternative strengthening method [66,67], however it will not be con-
sidered here-in due to the plastic behaviour of the steel reinforcement.

Next to parameters of the tested infilled frames, including their
scale, the angle of the diagonal (), the infill wall thickness (t;,0) and the
infill wall compressive strength (f;, s, also the retrofitting character-
istics, including the material (glass, carbon, basalt), composite type
(TRM, FRP), the fibres ultimate strength (fz,), the effective geometrical
ratio of composite reinforcement (p.s), as defined in Eq. (8), and the
presence of anchorage (steel ties or bolts, fibre anchors) or not. The
latter serves for completeness, is however not taken into account for the
definition of the empirical equations. From the experimental results, the
experimental base shear capacity percentage increase (4V,y,) and the

Non-retrofitted

- strut

ret

av

exp

Vstrut, r- Vslrut, c

|
|
1
= (Qs'l) Vstmt,c :
1
1

strut Y| Vstrut
+
____________________________ .
tie 7 |
. s 1
-,

.7 : Vtie :
7 1
# |

Fig. 4. A simplified approach for determining the tie strength at peak load.
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Table 2
Composite strengthened infilled RC frame specimens tested in the literature.
Specimen Scale ] tinf Sminf Material fr n Peff anch. AV AKexp
° mm MPa MPa %o % %

Koutas-TRM 2/3 36 110 5.7 G TRM 1825 2 0.065 fibre 54% 19%
Selim-SRG-2-2-A 1/3 41 75 2.5 G TRM 1276 2 0.063 fibre 66% 11%
Akhoundi-CTRM 172 36 140 1.4 G TRM 1296 2 0.013 fibre 25% 127%
Akhoundi-BTRM 1/2 36 140 1.4 G TRM 1296 2 0.013 fibre 30% 127%
Ismail-RFG-D6-4 2/3 36 150 2.1 G TRM 800 2 0.018 no 32% 23%
Ismail-RFC-D3-5 2/3 36 150 21 C TRM 5040 2 0.029 no 40% 31%
Ismail-RFB-D3-7 2/3 36 150 21 B TRM 1602 2 0.023 no 73% 21%
Ismail-RFB-D6-8 2/3 36 150 2.1 B TRM 1602 2 0.016 no 99% 40%
Ismail-RFB-Fu-9 2/3 36 150 2.1 B TRM 1602 2 0.033 no 54% 8%
Sagar-DU0-90 172 29 76 8.1 G TRM 722 1 0.026 no 25% 29%
Sagar-DA0-90 1/2 29 76 8.1 G TRM 722 1 0.026 steel 15% 28%
Sagar-SU0-90 172 29 76 8.1 G TRM 722 1 0.026 no 11% 39%
Sagar-SA0-90 172 29 76 8.1 G TRM 722 1 0.026 steel 30% 15%
Sagar-DA45 1/2 29 76 8.1 G TRM 722 1 0.013 steel 29% 36%
Altin-FRP2 1/3 31 80 1.9 C FRP 4100 2 0.044 fibre 118% 91%
Altin-FRP3 1/3 31 80 1.9 C FRP 4100 2 0.066 fibre 144% 53%
Altin-FRP4 1/3 31 80 1.9 C FRP 4100 2 0.080 fibre 162% 60%
Altin-FRP5 1/3 31 80 1.9 C FRP 4100 1 0.022 fibre 58% 43%
Altin-FRP6 1/3 31 80 1.9 C FRP 4100 1 0.033 fibre 79% 79%
Altin-FRP7 1/3 31 80 1.9 C FRP 4100 1 0.040 fibre 84% 50%
Altin-FRP8 1/3 31 80 1.9 C FRP 4100 1 0.022 fibre 54% 54%
Altin-FRP9 1/3 31 80 1.9 C FRP 4100 1 0.033 fibre 71% 64%
Altin-FRP10 1/3 31 80 1.9 C FRP 4100 1 0.040 fibre 86% 60%
Erol-N2 1/2 35 135 1.0 C FRP 4300 2 0.031 fibre 44% 65%
Yuksel-CB 1/3 44 88 5.5 C FRP 3900 2 0.022 fibre 21% 21%
Yuksel-CDB 1/3 44 88 5.5 C FRP 3900 2 0.022 fibre 61% 61%

Note: material: G: glass; C: carbon; B: basalt.

Table 3

Correlation between experimental parameters and the normalised tie strength.
Parameter 6 6-a Preff Sru Sminf Woff
r-value (Vi) -0.34 -0.37 0.70 0.49 —0.39 0.83
r-value (AK,,) —0.08 0.04 -0.10 0.21 —0.43 0.52

increase in secant stiffness, i.e. the stiffness defined by the displacement
at the maximum lateral loading obtained experimentally, compared to
the as-built control specimen (4K,,,). Other parameters of interest may
be the presence of openings in the infills or the presence of a cavity
between multiple leaves of an infill wall, however no retrofitted spe-
cimens with such properties have been tested in the literature. The lack
of such experimental data hence means that the model is limited to
specimens without openings and or cavity.

4.2. Correlation between experimental and modelling parameters

By using the modified increase in strut width from Eq. (14), the
strength increase due to the tie (£2,.) can be evaluated for all the spe-
cimens. With the range of parameters involved in the experiments, a
more in-depth analysis by means of a statistical correlation test is first
conducted. This allows to adequately assess the effect of individual
parameters on the normalised tie strength and stiffness of retrofitted
frames. The correlation with different experimental parameters is
evaluated by conducting a statistical analysis, namely by calculating the
correlation coefficient r. Positive correlation indicates that an increase
in one parameter leads to an increase in the other, while a negative
correlation means that an increase in one leads to a decrease in the
other. The larger the r-value, the stronger the effect, with an r-value
of + 1 corresponding to perfect correlation. The r-values between
various geometric and material parameters with the initially calculated
tie strength, associated to ., and the secant stiffness increase, asso-
ciated to £ are shown in Table 3.

The angle of the diagonal, 6, and hence the aspect ratio of the tested
frames appears to influence the tie strength with a low to moderate

negative correlation coefficient. When taking the difference between
the diagonal angle and the angle of the strengthening material, similar
correlation is obtained, indicating that an alignment of the fibres or grid
with the diagonal (6-a = 0) may achieve higher levels of normalised tie
force, which is in line with observations from experiments. For the
stiffness of the retrofitted fibres, no correlation with these two para-
meters is obtained instead.

Looking at the results in Table 3, a strong positive correlation for the
tie strength is obtained with the effective geometrical (ps.s) of com-
posite reinforcement. This, in turn, has a near-zero correlation with the
increase in stiffness. A low-moderate positive correlation is obtained
with the strength of the retrofit material, fz,, for the increase in stiffness,
but this is significantly more pronounced for the tie strength. Finally,
another important aspect is the effect of the infill wall strength, fi, ins,
which negatively affects the tie strength and stiffness increase, as a
moderate negative correlation is obtained. This for instance indicates
that for stiffer infills the effectiveness of the retrofit in terms of strength
increase is lower.

For both the tie strength and the increase in stiffness, the largest
correlation coefficients are obtained for the combination of the in-
dividual parameters into a mechanical ratio of composite retrofitting
material (we). This highlights the adequacy of its definition according
to Eq. (9) and the proposed empirical models are hence defined in terms
of W

4.3. Increase in strut width

The increase in strut width due to composite retrofitting of the in-
filled RC frame is defined from the ratio of the experimentally obtained
secant stiffness of retrofitted specimens to the secant stiffness of the
non-retrofitted control specimens. It is plotted against the mechanical
reinforcement ratio in Fig. 5. As mentioned previously, the secant
stiffness increase is equivalent to the increase in strut width, if all other
parameters in Eq. (13) remain unchanged between the retrofitted and
control specimen. The modified Breveglieri equation for Q; (14) is
compared to the experimental data and the data obtained from FE-
modelling in [44]. As can be seen, the modified Breveglieri equation fits
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Fig. 5. Increase in secant stiffness against w.g for the experiments on composite
strengthened frames.

the data points obtained from FE-modelling very well, however, the fit
with the experimentally obtained values is poor (R? = 0.31). Instead a
new empirical equation is proposed for the strut width increase (£2; emp)
based on the experimental data alone:

Qs.emp = 0.28000,5%% + 1(R? = 0.47) (16)

The empirical fit equation is obtained by least square fitting ex-
cluding outliers. Outliers are defined based on a difference of 1.65 times
the standard deviation based on the model, i.e. corresponding to a 90%
confidence interval. One outlier is considered in this case. The obtained
empirical fit is less good then the initial one obtained by Breveglieri
et al. [44]. However, it includes a larger range of mechanical
strengthening ratios and is based on a range of different experiments.
The reasons for the low R2-value (0.47) may be related to the stiffness
of the retrofitted frames being affected significantly by potential pre-
damage in the frames, by the different types of anchorage used, as well
as by the application of composite retrofit (full-face or diagonal strip),
i.e. factors that cannot be considered in the empirical equation. The
issue of obtaining an adequate model for the stiffness of composite
retrofitted infilled frames echoes previous findings by Akin et al. [55]
on FRP strengthened frames.

4.4. Empirical tie strength equation

A quasi-linear empirical equation of the normalised tie strength is
proposed in this section. The normalised tie strength is expressed in
relation to the effective mechanical ratio (w.s), similarly to the cali-
brated strut width increase Eq. (14). The proposed equation is obtained
by least square fitting excluding the outliers defined based on a dif-
ference of 1.65 times the standard deviation based on the model, i.e.
corresponding to a 90% confidence interval.

Qrie = 0.19+wy; 9% (R2=0.96) a7

For the sake of completeness, Fig. 6 displays the experimental data
gathered from the experiments in Table 2, highlighting the outliers, and
the empirical fit equation considering said outliers. The goodness of fit
for the equation is very high, however further empirical data, particu-
larly for higher mechanical reinforcement ratios is still needed for a
more adequate equation. Moreover, a majority of the experimental data
is coming from scaled specimens, which can have a non-proportional
effect on retrofit effectiveness [21,68].
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Fig. 6. Normalised tie force against w.y for the experiments on composite
strengthened frames.

5. Analysis and discussion

In this Section, the derived empirical strut-and-tie model equations
are analysed and a discussion on their adequacy and limitations is
provided. Finally, a simplified retrofit design methodology is proposed.

5.1. Quantitative analysis of the proposed empirical model

First, the assumption of effective tie width in the diagonal, wegs,
being equal to 25% of the diagonal length can be evaluated by looking
at the obtained agreement for the fitting equations. Table 4 shows the
R%-values for the fitting equations obtained with different values of
Weso- The highest R2-value is indeed obtained with Wero = 0.25 dpp,
indicating that the chosen effective width definition correlates well
with the experimental data. However, high coefficients of determina-
tion for values of wege = 0.167 or 0.2 dp, indicate that other assump-
tions for w,ge may also render adequate empirical equations.

To further assess the adequacy of the model, it is verified that the
equation of tie strength does not lead to physically inadequate results,
the effective strain e.4 in the strengthening material is calculated for all
strengthened specimens. In Fig. 7 the obtained values of &, are plotted
against the mechanical strengthening ratio and the respective normal-
ised tie force (£2;.). As can be seen, the effective strain obtained for the
calculated tie forces broadly take values up to 0.45%, and hence takes
similar values to the models proposed previously [16,54] and, more
crucially, it is well below the maximum FRP or TRM fracture strain.

While it is out of scope for this macro-model to define the failure
mode of the composites (e.g. debonding, fibre rupture etc.), effective
strain in the tie is generally below 0.3%, indicating that debonding of
the composite might occur locally (as it was observed in some of the

Table 4
RZ-values for different effective tie width
factors in terms of the infill diagonal.

Wegro R?
(% of dpn)

10% 0.81
13.3% 0.81
16.7% 0.92
20% 0.94
25% 0.96
33.3% 0.87
50% 0.84
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Fig. 7. Effective strain in the composite obtained for the calculated normalised
tie force.

experiments), without however being the critical failure mode. The
occurrence of debonding, fibre rupture etc.) depend on the presence
and effectiveness of anchorage, which is also out of the scope of the
macro-model.

To assess the estimation error of the empirical equations for the
secant stiffness and the maximum base shear of the retrofitted speci-
mens, an analysis for all specimens from Table 2 was carried out. Fig. 8
shows the average estimation error (in %) for secant stiffness and
strength using the empirical equations compared to the experimentally
obtained values, separated for TRM and FRP-retrofitted specimens. As
can be seen, the secant stiffness is generally underestimated by 13.1%
on average for FRP specimens, and 3.7% for TRM specimens.

The standard error is also shown to highlight the variability in the
estimation. In both cases a large standard error indicates a large dis-
persion of the estimated results. This large dispersion may stem from
the geometry of the retrofit application (i.e. a diagonal strip application
may not increase the stiffness of the infill as much as a full-face ap-
plication) or the use of different types of anchorage systems, which are
difficult to quantify in an empirical equation. The larger standard error
for the TRM specimens (18.9%) indicates that the difference between
FRP and TRM application (i.e. epoxy vs. mortar) also plays a role in the
reliability of the model.

On the other hand, the estimation of the maximum lateral force
increase, i.e. taking into account the total strength increase due to the
increased strut width and the tie, shows an average estimation error
close to zero (1.2% and 0.1% for FRP and TRM, respectively). The

25 T T
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i
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K

m max

Fig. 8. Estimation error of empirical equation for secant stiffness (Km) and
maximum lateral load capacity increase (Vmax).
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standard error is again higher for the TRM specimens (6.1%). This
analysis highlights that the equations for the proposed strut-and-tie
model for composite retrofitted infilled frames estimate the strength
increase adequately, while the increase in stiffness is generally under-
estimated. While the estimation error is different for TRM and FRP
specimens, using the larger combined dataset is still justified at this
stage, but it may be worth investigating separate empirical fitting
equations when more experimental data for FRP and TRM strengthened
infilled frames will be available.

5.2. Qualitative interpretation of damage using the proposed model

The proposed model allows for an interesting analysis of the relative
contribution from the tensile tie (V) and the increased compressive
strut contribution (AVg.,) to the total strength increase
(AV = Vg + AVyy). The total strength increase split into the con-
tribution of the tie and strut, calculated with the proposed model is
shown in Fig. 9. This allows a qualitative comparison to be made with
the observed damage or failure of the experimental specimens, with
respect to compressive and tensile mechanisms associated to the strut
and tie, respectively. The empirical equations refer to the peak para-
meters (strength and stiffness at peak) for the strengthened specimens.
Correlation with observed damage is hence attributed to the damage
mechanism related to the main lateral load resisting mechanism in the
infill.

Table 5 illustrates experimental damage in specimens selected in-
dicatively from the experimental database. For instance, looking at the
results for the experiment by Koutas et al. [31], the compressive con-
tribution due to the increased strut width calculated with the proposed
model is one of the highest across all specimens, with over 60% of the
total strength increase stemming from the strut. It is interesting to ob-
serve that, indeed next to shear sliding cracking and local rupture of the
textiles, also significant crushing damage was observed at the end of the
test after removal of the TRM jacket. On the other hand, for the spe-
cimens strengthened with FRP by Altin et al. [19], the proposed model
is dominated by the tensile tie, with up to 80% of the strength increase
due to the tensile force. This again replicates well the experimental
observations, as rupture of the FRP sheets or FRP anchors was observed
at peak loading. Similarly, for the specimen tested by Selim et al. [32],
extensive diagonal cracking was observed on the TRM surface, without
observation of compressive damage to the bricks, which shows that the
tensile tie is strongly activated. This is in line with the model predic-
tion, which shows that approximately 70% of the strength increase is
associated to tensile tie. It is worth noting that this analysis is rather
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Fig. 9. Relative proportion of total strength increase due to the tie and strut.
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Table 5
Summary of observed experimental damage in selected specimens.
Study Observed damage
Koutas [31]
\:\ —
Altin et al. [19 3
in et al. [19] \ o :
% SRR }
o g
7 N
Selim [32]
NS
N -
NGEN
- T~
\ o
Note: i
-~ crushed or spalled bricks tial
"\_ cracks (partial)
. ( crushed bricks (underneath debonding
U buckling

retrofit material) 0 (partial) rupture

qualitative and does not intent to predict the experimental behaviour;
instead it compares the split into the tie and strut contributions calcu-
lated using the proposed equations with the experimentally observed
damage.

5.3. Methodology for simplified retrofit design

As an example for how to use the equations developed herein for the
design of retrofitted infilled frames, a design flow-chart highlighting the
necessary parameters and equations is provided in Fig. 10. Using the
obtained equations for the strut width increase and additional tie force
at peak, the total increase in horizontal base shear and stiffness for a
specific infill can be determined by combining Eqgs. (16) and (17) and
(13), respectively:

AV = (Qtie + Qs,emp_l)'Vstrut,c (18)

AKm = (Qs,cmp_l) 'Km,c (19)

Using the proposed empirical equations, the ratio of calculated
strength due to the combined strut and tie strength increases against the
experimental base shear is shown in Fig. 11. As expected, the mean
value of the ratio is very close to unity (1.01), however the standard
deviation is relatively large (0.16). To ensure a safe conservative de-
sign, a safety factor is hence proposed based on 1.65 standard devia-
tions of the results (i.e. 90% confidence interval). The obtained multi-
plication safety factor is 0.74, which ensures 90% of predicted values
fall on the conservative side, illustrated in Fig. 11.

In Fig. 12 the total base shear and secant stiffness increase from
strut and tie strength increase are plotted against realistic mechanical
reinforcement ratios for real-scale infill walls. The curve for strength
increase is also shown with the safety factor applied and may be a
potential tool for initial design. In terms of the stiffness increase, the use
of a safety-factor in design would not be appropriate, as a lower lateral
stiffness can lead to an underestimation of the seismic demand. In-
dicatively, the increase in stiffness against the mechanical reinforce-
ment ratio is still presented in Fig. 12.
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6. Conclusions

A study on a unified design-oriented macro-modelling approach for
masonry-infilled RC frames retrofitted with composite materials was
presented. It was shown that a variety of materials and layouts have
been tested experimentally and yielded satisfactory strengthening re-
sults. Damage to the infills can be reduced significantly and larger
lateral forces can be sustained. In terms of modelling the retrofitted
infills, a new expression for compressive strut width increase due to a
better connection between frame and infill was proposed and applied
together with a tensile tie.

Using a database of experimental results gathered for this study,
empirical equations for the strut and tie model were determined. First,
an empirical equation was proposed for the strut width increase based
on the increase in secant stiffness for experimentally tested specimens.
Based on this new strut width equation, a tensile tie was defined based
on the remaining strength increase for the experimental specimens. The
equations for normalised strut and tie strength were defined in terms of
the effective mechanical reinforcement ratio. The proposed model was
found to reproduce experimental findings well in terms of the increase
in strength. For the empirical equations relating to the stiffness of ret-
rofitted infills, however, the fit was significantly worse.

Finally, to assist design or evaluation of retrofit schemes, a flow-
chart highlighting the required parameters and empirical equations is
provided. The presented work gives a promising avenue for design-or-
iented macro-modelling of strengthened infills, however the present
results should be taken with care as there is still need for further ex-
perimental data for a wider range of effective geometrical ratios and
frame aspect ratios. Experimental data on strengthened frames that
present openings or multi-leaf brick arrangements will also be required
to further refine the empirical model, as these parameters could not be
covered in this study. Future work is recommended to include experi-
mental testing on full-scale masonry-infilled RC frames (control and
retrofitted with composites), as well as attempts towards the develop-
ment of detailed finite-element modelling.
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