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Effect of slab and transverse beam on the FRP retrofit effectiveness for existing reinforced
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ABSTRACT

The seismic behaviour of reinforced concrete (RC) structures is critically influenced by the complex
mechanical interactions at beam-column joints. To ensure the desired hierarchy of failure is achieved
when retrofitting existing structures, numerical and experimental assessments need to represent
realistic structures. A review of published literature indicates that most experimental work on the
seismic behaviour pre-1970’s RC beam-column connections considers sub-assemblies without slabs
or transverse beams, which are unrepresentative of reality. To evaluate the effect of these elements
on the failure mechanism, retrofit need and retrofit effectiveness, experiments on four full-scale beam-
column joints are carried out. Two specimens with and without slab and transverse beams, are tested
in their as-built and FRP strengthened configurations. As expected, the experimental results
demonstrate that the progression of damage and failure mechanisms differ significantly when slabs
and transverse beams are present, confirming previous numerical and experimental evidence on the
strong contribution of these elements on the overall joint behaviour. Moreover, a significantly higher
retrofit effectiveness is observed for the specimen without slab and transverse beam. This implies that
experiments on retrofitted joints without slab and transverse beam can lead to a focus on joint shear
strengthening alone as they inadequately represent the hierarchy of strengths of the framing
members. They can also lead to an overestimation of retrofit effectiveness. These observations have
implications when considering common simplifying assumptions made in the numerical modelling of

RC moment resisting frames when assessing their seismic performance.

KEYWORDS: seismic retrofit; fibre-reinforced polymers; beam-column joints; RC slabs.


mailto:daniel.pohoryles@ec.europa.eu

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

1. INTRODUCTION

Observation of soft-storey failures of reinforced concrete (RC) moment resisting frames (MRF) in
recent seismic events can often be related to the inadequate seismic detailing of pre-1970’s
structures. The global failure of the structure due to an inadequate hierarchy of strengths around the
beam-column connections, for instance leads to the formation of weak-column/strong-beam
mechanisms [1]. To prevent future losses, efficient strengthening strategies are required that both
delay the occurrence of damage and promote a beam-hinging mechanism when damage occurs. This
can be achieved, for instance, through traditional RC-jacketing of structural elements, but also by
means of composite materials such as fibre-reinforced polymer (FRP) or textile-reinforced mortars
[2,3]. To achieve an effective retrofit, it is important to determine the deficiencies of existing structures
in need for strengthening, which strongly depends on understanding the complex mechanical

interactions within and around beam-column connections.

Under seismic loading, transverse beams and slabs, which are typically present in RC MRF buildings
worldwide, can significantly contribute to the resistance mechanism of beam-column connections and
alter the hierarchy of strengths between the framing members. This is recognised in design guidelines
for modern structures, such as Eurocode 8 — Part 1 [4], which typically account for this effect by
including an effective width of slab in the analysis of the beams. However, only limited experimental
studies have assessed as-built RC joints that include slabs and transverse beams, and these have
shown a significant effect of these elements on the behaviour of the specimens. Existing studies,
however, either use scaled-down specimens [5], represent corner joints [6] or are seismically
designed containing significant joint reinforcement [7]. These studies showed that RC slabs severely
affect the failure mechanism increasing the beam moment capacity, worsening the weak-
column/strong-beam hierarchy of strength in non-seismically designed structures. Transverse beams,
in turn, also influence the failure mechanism, by increasing the confinement of the joint. The important
effect of slab and transverse beams has also been investigated numerically in an earlier finite element
study by the authors [8], which showed a different failure mechanism and different lateral capacities

for the specimens without slab and without slab and transverse beams.

When assessing a structure without considering these elements, a designer may come to the wrong

conclusion in terms of the needs for strengthening of a structure. Moreover, ignoring these elements
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when experimentally evaluating a retrofit scheme additionally renders the existing structure more
accessible. This does not give a realistic picture of the practical challenges and feasibility of the
schemes, including need for and placement of anchors. A previous review of published literature has
shown that most experimental studies on the seismic behaviour of FRP-retrofitted pre-1970’s RC
joints do not consider slabs or transverse beams in their experimental set-ups (82%), which are
partially unrepresentative of reality [2]. The focus on simpler, cross-shaped, beam-column joints has
led to a majority of studies looking at joint panel shear strengthening interventions alone, without
considering other issues of importance with respect to achieving a seismic behaviour following a
capacity-design philosophy. For instance, post-earthquake reconnaissance studies indicate that
single-storey weak-column failures are most commonly observed in deficient RC buildings [5,9], but
only 11% of previous experimental studies on beam-column joint sub-assemblies considered a weak-

column/strong-beam deficiency in the FRP-retrofit design [2].

Previous experimental studies have further shown that the consideration of the presence of slabs can
be crucial for the assessment of retrofit effectiveness. For example, a beam-hinging mechanism may
not be achieved with FRP strengthening of the columns alone, but additionally requires selective-
weakening of the RC slab when considering an inadequately designed beam-column joint sub-
assembly with slabs [10,11]. Not including the slab in the test specimens, or only increasing the top-
reinforcement of the beams to represent the effect of the slab, would not have highlighted this issue of
significant stiffness increase of the beams, which prevents rotation in the beams to change the
damage mechanism. Changes in failure mechanisms, and hence differences in retrofit priorities, may
also lead to a reduction in retrofit effectiveness in terms of base-shear capacity and ductility, as
highlighted in the authors’ previous analysis [2]. It was observed that the retrofit of specimens without
slab and transverse beam are significantly more effective in increasing strength (+44%) than for more
realistic geometries (+27%), indicating an effect of these elements for a wide range of different
specimens and retrofit designs. This is even more critical in terms of displacement ductility, with an
average increase of 63% for cross-shaped specimens, compared to only 38% for specimens with slab
and transverse beams. Clearly, these differences on a large set of experiments must be taken with
care. The reduced retrofit effectiveness for specimens with slab or transverse beams may be related
to differences in strengthening configurations, due the reduced accessibility of the joint, but also

beams and columns, but also to changes in damage and failure mechanisms and differences in
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retrofit design priorities. To truly assess the effect of slab and transverse beams on the retrofit
effectiveness, it is hence important to test this hypothesis on specific set-ups, using the same (or
similar) retrofit on a specimen with and without slab and transverse beams. Akguzel and Pampanin
[12] tested a GFRP retrofit scheme on a corner joint with and without slab and found retrofit
effectiveness to be reduced for the specimen with slab. Crucially, the failure mechanism of the
retrofitted specimens was also observed to be different. Antonopoulos and Triantafillou [13] compared
the performance of a CFRP retrofit on an exterior joint with and without transverse beam. Again, the

strength enhancement for the specimen with transverse beam was significantly lower (up to —78%).

This impact of slabs and transverse beams on the retrofit priorities and effectiveness is of particular
importance considering that several design guidance documents base their recommendations on
experimental evidence from specimens that did not include slabs and transverse beams. For
instance, The fib Bulletin 35 [14] dedicates a section on ‘Seismic retrofitting of RC beam-column joints
using FRP’, looking only at experimental work on 2-D joints [15,16], but indicating the importance of
analytically accounting for the ‘confining effect of transverse beams and slab contribution’. The latest
fib Bulletin 90 [17] addresses the retrofit of joints in section 8.7, considering experimental work carried
out on joints without slabs [13,18-20]. However, a ‘note of caution’ is made regarding the ‘geometric
complexity of actual 3-D frame connections which also include slabs’. The importance of slabs is
recognised, but no actual practical solution is offered on how to ‘achieve uniform and effective
confinement’ of the joint, referring instead to the ‘inventiveness and versatility of the engineer’.
Suggested lay-outs for retrofit application only consider joint panels that are fully accessible for full
FRP-confinement. In the US, the ACI 440.2R-17 [21] chapter 13 on seismic strengthening refers to
experimental evidence from exterior and interior joint tests without slabs is taken [22,23], but also

recognises the work by Engindeniz et al. [24] who tested corner joints with slabs.

The design of retrofit solutions for RC structures may hence be based on experimental efforts that do
not entirely reflect reality, as well as analyses of two-dimensional frames, which neglect the
transverse beam and slab effects on confinement of the joint and beam capacity. It is postulated that
the response of beam-column connections, may be inadequately represented when omitting slab and
transverse beams, leading to easier retrofit applications and changes in failure mechanism and retrofit

needs. Based on limited experimental evidence, this could lead to higher expected retrofit
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effectiveness. Recently, the authors proposed and tested a capacity-designed FRP-retrofit
methodology, considering not only joint shear strengthening with the presence of transverse beams,
but also flexural strengthening of the columns combined with selective weakening of the slabs to
achieve a beam-hinging mechanism [25]. The objective of this study was to understand the effect of
specimen geometry on the retrofit effectiveness from a holistic perspective, looking at changes in
overall failure mechanism and strength increase, which do not relate to the shear capacity of the joint
panel alone, but also the framing members. To achieve this, an experimental comparison for this
retrofit layout was carried out on full-scale pre-1970’s interior beam-column joints with and without
slab and transverse beams are conducted in this study. The effect of slab and transverse beams is
assessed for the control specimens and their retrofitted counterparts. The evaluation considers the
respective failure mechanisms, as well as various performance diagnostics, including strength of the

sub-assembly, displacement ductility, energy dissipation and post-peak softening.

2. EXPERIMENTAL PROGRAM

2.1. SPECIMEN DETAILS AND MATERIAL PROPERTIES

Four specimens were tested in this study, summarised in Table 1, consisting of two control
specimens, one with slab and transverse beams (C1), and one cross-shaped specimen without slab
and transverse beams (C-noSLT), as well as their respective retrofitted versions, C1-RT-B-sw and C-
noSLT-RT-B. The label ‘sw’ refers to selective weakening, where cuts in the slab have been made to
reduce its contribution to the beam hogging capacity. The test specimens are designed to represent
real-scale interior beam-column joints in a four-storey RC MRF structure, as described in [25], in
which the results of C1 and C1-RT-B-sw were initially reported. The detailing of the specimens aims
to replicate common deficiencies of pre-1970’s residential buildings in Southern Europe (e.g. weak-
column/strong-beam mechanism and inadequate joint shear capacity) and is based on the design
guidance given in the 1967 REBA [26] Portuguese RC code. A normalised base shear factor for

lateral load of the 0.05 of building weight (273 kN) is used for the design for seismic zone C.

The geometry and reinforcement detailing of the specimens are shown in Fig. 1. Note that the
columns with a length of 1.50 m represent the half-storey above and below the joint. Similarly, the

main beam has a length representative of a half-span in the designed building. For specimens C1 and
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C1-RT-B-sw, a 1.95 m wide and 150 mm deep slab, as well as a 0.825 m long transverse beams are

included. The transverse beams have the same cross-sectional dimensions and reinforcement

detailing as the main beams.

C-noSLT L C1
I Beam Beam 08/0.1
| 28//0.
— g —
| N
o z
L | || 7012 = 7012
o
0.300
—_—
2 i Rl et il Rl einl el ni (el iy
= \
Column
2 - ~96/0.15 - ~ ©6//0.15
E z z
2.050 0.300 2.050

Fig. 1. Reinforcement detailing of the specimens - dimensions in m, bar size in mm.

The concrete mean compressive strength (fem) for each specimen is obtained from crushing six

cylinder samples (150 x 300 mm) and is summarised in Table 1. The ultimate strength (furrp) and

strain (&u,rrp), as well as elastic modulus (Es) and thickness (t) are given in Table 2. The CFRP is S&P

C-240 sheet and its tensile strength is evaluated using the ISO/DIS 10406-2:2013 characterisation

tests. The results of steel tensile tests are reported and Table 3, showing the yield stress (fy) and

strain (&), as well as the ultimate strength (f,) and strain (&) for the three bar sizes.

Table 1. Summary of test specimens, including concrete strength and flexural strength ratios.

Specimen Description fem > M/ 2 My
(MPa)
c1 Control specimen with slab and 23.4 0.75
transverse beam
C-noSLT Cruciform control specimen without 20.6 1.5
slab and transverse beam
C1-RT-B-sw Retrofitted specimen with slab and 19.3 13

transverse beam
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Cruciform retrofitted specimen

C-noSLT-RT-B uihout slab and transverse beam 29.6 1.37
Table 2. CFRP material properties.
Material ts furrp Eu,FRP =

(mm) (MPa) (%) (GPa)
S&P C-240 0.223 3300 1.7 194.1

Table 3. Steel reinforcement mean material properties (yield stress - fy and ultimate stress - f.).

Bar diameter ®12 »8 d12

f, (MPa) 450 540 538
&, (%) 0.0022 0.0025 0.0026

f, (MPa) 570 570 645
€4 (%) 21 18.5 16

2.2. ASSESSMENT OF SEISMIC DESIGN DEFICIENCIES OF THE CONTROL SPECIMEN

Overall, a brittle failure mechanism is expected for the control specimens due to their non-compliance
with capacity design principles. The control specimens were designed with an inappropriate hierarchy
of strengths, i.e. a lower flexural capacity of the columns than the beams (weak-column/strong-beam
mechanism) and a low shear capacity of the joint. The former was evaluated by calculating the ratio of
the flexural capacities of the columns and beams (2 M. / 2 M) from a capacity design perspective.
The ratios, given in Table 1, were calculated from the relative design moment capacities according to
Eurocode 2 [27] and Eurocode 8 — Part 1[4]. For the beam hogging moments, according to EC8 cl.
5.4.3.1.1(2), an effective width of the slab was considered, corresponding to four times the thickness
of the slab, hs. Consequently, the flexural strength ratio of specimen C1 was determined to be
significantly lower (2 M. / 2 My = 0.75) than the recommended capacity design ratio of 1.3 (0.75 for

specimen C1).

To consider selective weakening, the effective width was reduced to the part of the slab that was not
cut, which corresponds to a length of 1.5 - h; (450 mm). Note that selective weakening alone would
lead to an increased value of > M. / > M, = 0.94 for C1, but still inferior to the desired value. Finally,
when not considering the slab, the ratio of the moment capacities of the columns to the beams in C-
noSLT is significantly higher (1.25), albeit still below the recommended design value. This would lead
to a different retrofit priority for this specimen, typical of the interior joints tested in the literature where

the contribution of the slab is not commonly considered.
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Further inadequacies of the control specimen lie in the lack of shear reinforcement in the joint, as well
as a lack of confinement in the columns due to inadequate transverse reinforcement spacing. The
joint shear demand and joint shear capacity verification for retrofitting in Eurocode 8 — Part 3 [28] was
performed according to Eurocode 8 — Part 1, sections 5.5.2.3 and 5.5.3.3. The shear capacity of the
control specimen C1 (Vjhmax = 596.2 kN), calculated to eq. 5.33 of Eurocode 8 — Part 1 was found to
be sufficient for the capacity design shear demand (Vjna = 564.1 kN), i.e. taking into account the most
adverse conditions under seismic actions. Note that this situation however changes for the retrofitted

specimen, with an increased joint shear demand, as explained in the next section.

2.3. FRP RETROFIT DESIGN AND APPLICATION

The FRP retrofit scheme RT-B-sw in this study considers the practical limitations in a specimen with
slab and transverse beams explicitly (Fig. 2). This retrofit scheme is presented in more detail in Fig. 3
and in [25], where it is seen to provide an optimum retrofit to achieve a beam-sway mechanism with
plastic hinge formation one beam-depth away from the joint interface, with high strength and ductility,

and hence a similar performance to a structure designed to modern guidelines.

Fig. 2. Retrofit aplied to a specimen with slab‘and tréTiSverse \be\ams.
To determine the required amount of CFRP in the respective members and calculate the capacities of
the retrofitted members, as well as appropriate development lengths for the sheets, an adaptation of
the CNR-DT-200.R1/2013 [29] guidelines was implemented, details of which can be found elsewhere
[30]. In brief, the retrofit, which was designed for specimen C1, is carried out with three main aims: (1)
to address the weak-column/strong-beam hierarchy of strengths; (2) to carry out a plastic hinge
relocation in the beams; and (3) to protect the joint from an increased joint shear demand and yield

penetration.
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(1) As the flexural strength ratio of columns to beams (2 M. / > M) was found to be lower than

the recommended capacity design ratio of 1.3, a retrofit of the columns was determined to be
necessary. Simply improving the confinement of the columns by FRP-wrapping was not found
to be sufficient to achieve an adequate flexural strength ratio. Instead, a novel flexural
strengthening method was developed, using FRP-strands (shown in red on the columns in
Fig. 3), which were passed through plastic tubes at the corners of the column to achieve
continuous strengthening between bottom and superior column. The strands, made from six
layers of 250 mm wide vertical FRP sheets, were mechanically anchored at their ends using
steel anchors. Details of the retrofit scheme with the strands were previously presented in
[25]. To anchor the flexural strengthening, but also to protect the columns from shear failure
due to the increased shear demand following retrofitting, three layers horizontal FRP wraps
were also applied for confinement and shear strengthening of the columns (not shown in Fig.

3). These layers of horizontal wrapping also protect the columns from bar-buckling failure.

FRP Joint -/

reinforcement

Fig. 3. Dimensions of retrofit RT-B-sw: (a) beam strands; (b) joint strands; (c) beam transverse strips.
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Flexural strengthening of the columns alone was determined to be insufficient to ultimately prevent a

column-sway mechanism in previous experimental research by the same authors [10]. This was due

to the strong contribution of the RC slab to the beam flexural capacity and stiffness of the beams.

Selective weakening of the slab was hence found to be required to ensure formation of a beam-sway

mechanism. Weakening cuts through the slab reinforcement along a length of two column depths

from the columns face (600 mm) were performed as part of the retrofit.

(@)

3)

With damage being transferred from the column to the beams, avoiding yield penetration into
the joint core was deemed crucial, as yield would occur at the beam/joint interface. To avoid
this and ensure joint integrity, FRP strengthening was hence applied to the beams near the
beam/joint interface to relocate plastic hinge formation by one beam-depth (450 mm) from the
joint interface. This length was determined adequate in the analysis of previous experimental
work [31]. To achieve plastic hinge relocation, two 100 mm wide FRP strands (shown in red
on the beams in Fig. 3) were applied at the top and bottom faces of the beams, along a length
of 450 mm of the beam and through the joint area to achieve continuity and an adequate
development length. End-anchorage of the FRP was provided by means of steel plates. Due
to the increase in flexural demand of the beams, the shear demand also increases, hence
beam shear-strengthening consisting of 50 mm wide strips spaced at 75 mm, was applied as

full wraps through holes drilled in the slabs (shown in purple on the beams in Fig. 3).

While interior joints with four framing beams are generally considered to be less shear critical,
after retrofitting the framing members, (and the associated increase in the strength of the
beams and columns), an increase in joint shear demand to 598.3 kN is obtained. This value
exceeds the design joint shear capacity calculated to eq. 5.33 of Eurocode 8 — Part 1, and
joint shear strengthening was required. This is confirmed by previous experiments on the
same specimen strengthened in the columns only, without joint shear strengthening, which
displayed shear-damage to the joint panel [10,30]. To achieve joint shear strengthening,
horizontal FRP strands were placed through holes drilled at the transverse beam/joint
interface (shown in green on the beams in Fig. 3). These strands consisted of two rolled-up
150 mm wide strips, splayed out and extended for 300 mm onto the beam flanges and

anchored using bolted steel plates to avoid end-debonding. The increase joint shear strength,

10
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calculated according to cl. 4.19 of the CNR guidelines, was 64.0 kN, i.e. exceeding the

demand.

The same retrofit scheme was adapted for the case of a specimen without slab and transverse beam
(retrofit RT-B), as shown in Fig. 4. Note that the retrofit was not designed for this specimen, but the
same amount of FRP in all members is kept equal in both retrofit schemes to evaluate the relative
effectiveness of retrofit schemes for specimens with and without slabs and transverse beams. The,
actual application was however slightly different due to the differences in geometry. For instance, the
joint shear strengthening is applied directly on the joint face in form of two strips, instead of the
application of rolled-up strands passed through holes in the transverse beam, as for the specimen
with slab and transverse beams. This may have an unquantifiable effect on the strengthening
effectiveness, it is however not possible to achieve exactly the same retrofit application in the
absence of the transverse beams. For the beams, the transverse reinforcement is also more easily

applied, as no cuts in the slab are required to achieve full wrapping.

Fig. 4. Retrofit applied to a specibmén without slab and transverse beams.

2.4. TEST SET-UP AND LOADING

The four specimens are tested using a quasi-static cyclic drift (A) protocol applied with a hydraulic
actuator at the top of the superior column, 1.5 m from the centre of the joint core, using the set-up
shown in Fig. 5. Each drift cycle is repeated three times and drift values increase from +0.1, 0.2, 0.3,
and then 0.5 up to 6.0 % in 0.5 %. The rate of displacement application hence ranges from 0.1 mm/s
in the first cycles up to 1.5 mm/s in the last cycles. A constant axial load (N1) of 425 kN is applied for

all specimens through external pre-stress rods, pin-jointed at the top of the superior column and the

11
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bottom support of the inferior column. An additional axial load (N2) of 25 kN is applied at the inferior
column to induce moments in the beams simulating gravity loading. The value of N1 was calculated
for a second storey column in a typical residential four-storey RC frame in Europe. Further details on

the instrumentation and loading set-up can be found in the associated MethodsX article and in [25].
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Fig. 5. Test set-up with prototype structure and sample loading proocol.

3. EXPERIMENTAL RESULTS

The main experimental results for the four full-scale tests are presented in this section. The general
results are presented first, followed by a detailed description of the damage mechanism and observed
phenomena for the control and retrofitted specimens. In section 4, an in-depth analysis in-depth
analysis of the results, including multiple criteria, such as the energy dissipation, ductility, initial

stiffness, and softening behaviour.

For all specimens, the global lateral force—displacement behaviour presented in Fig. 6 in the form of
hysteresis curves. The first occurrence of cracking, spalling, buckling and yielding are indicated on the
force-displacement plots to aid assessment of the specimens. In Table 4, a summary of the main
experimental results is shown, including the maximum force (Fmax), the location of observed failure,
the cumulative energy dissipation (Eq) and the initial peak-to-peak lateral stiffness (Kj). In the table,
the ultimate displacement ductility, ua., is defined as the ratio of ultimate drift, Ay, reached when a

strength reduction of 20% from Fmax is observed [32], and yield drift, Ay, at which the first strain gauge

12



306 reading exceeds the steel yield strain (0.2%). The post-peak softening (S), defined as the slope
307  between Fmax and Fy, the force at ultimate drift, Ay, is also presented in Table 4 as an indirect
308 measure of residual strength. The reader is referred to the associated MethodsX article for further

309 details on the calculation of these parameters.
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310 Table 4. Summary of experimental results.

311

. Frax ! . Ay Hau Eq S Ki
Specimen Failure

(kN) (%) Ac/l,  (KNm)  (KN/mm)  (kKN/mm)

c1 63.1 Sup. 0.65 3.6 321 -0.49 6.6
column

C1-RT-B-sw 86.9 Beams, 0.95 6.9 111.6 -0.19 5.7

(+38%) Column (+55.7%) (+89.6%) (+247.8%) (-61.8%) (-14.5%)

45.2 . 0.67 5.2 31.8 0.15 4.8

C-noSLT (-28%) YO (4110206) (+44.4%) (-0.8%)  (-70.2%)  (-27%)

67.8 1.06 2.8 19.2 -0.83 3.8

C-NOSLT-RT-B 150 00) BCAMS  (157306) (:45.006) (-39.6%) (+464.6%) (-20.4%)

312 1 Note: % difference in brackets compared to C1, apart from C-noSLT-RT-B, for which C-noSLT is the
313  control specimen

314
Displacement (mm) Displacement (mm)
-180 -120 -60 0O 60 120 180-180 -120 -60 O 60 120 180
80 t 1 180
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Q (9]
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Drift (%) Drift (%)
[0 Column-Joint cracks A Concrete crushing Joint
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316 Fig. 6. Lateral load versus drift hysteresis curves with damage for all specimens.
317
318 3.1. BEHAVIOUR OF CONTROL SPECIMENS

319 For the control specimen with slab and transverse beam, C1, as expected for a pre-1970’s structure,
320 an undesirable single-storey column failure mechanism is observed. The failure is characterised by

321 large rotation of the superior column and localised plastic hinge formation near the joint. The
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sequence of observed damage is presented in Fig. 6 and shows that initial cracks already form in the
superior column during the 0.5% drift cycles, with yielding of the column bars following at 0.65% drift.
A relatively low peak lateral force of 63.1 kN is recorded at 1.3% drift. After plastic hinge formation,
due to the inadequate spacing of lateral reinforcement, and hence lack of confinement, concrete

crushing and buckling of the reinforcing bars is observed at the base of the superior column (Fig. 7 a).

(a) (b)

Fig. 7. Final damage state in C1: (a) superior column; (b) beam underside.
No significant damage is instead observed in the rest of the structure, with only minor cracks and no
yielding of beams bars seen due to limited rotation of the beams. It is worth noting that two cracks
along the entire width of the slab can be observed perpendicular to the loading direction in Fig. 7 (b),
which indicates the slab contribution to the behaviour of the specimen. The observed failure is
characterised by a low cumulative energy dissipation (32.1 kNm) and significant post-peak softening,
with a drastic reduction in load bearing capacity (up to 2.3% drift), leading to a displacement ductility

of 3.6 (Table 4).

For the cruciform control specimen, C-noSLT, different damage mechanisms are observed as
compared to C1. Joint shear failure dominates the behaviour, and unlike C1, no significant cracks are
observed along the column. Instead, lack of confinement from the transverse beams and reduced
beam capacity due to the missing slab cause damage concentrated in the joint panel, as well as
cracking along the length of the beam, as shown in Fig. 8 (a) and (b), respectively. This joint-

dominated damage mechanism is highlighted by a large level of joint shear distortion shown in Fig. 9.
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342  Significant joint shear strength degradation is observed for specimen C-noSLT up to the peak joint
343  shear distortion of 0.065 rad. The maximum sustained tensile stress in the joint is 0.39 Vfc in

344  specimen C-noSLT.
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348 Fig. 9. Principal tensile stress (normalised by concrete strength) against joint shear distortion for C-
349 noSLT-RT B compared to control specimen C-noSLT.
350

351 The damage progression seen in the hysteretic curve (Fig. 6) also highlights that beams and joint

352 dominate the specimen’s behaviour. Initially, thin cracks are observed in the beams at very low drift
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cycles (0.2%), It is worth noting that, as a consequence of simulating the effect of gravity loading on
the beams in the experimental set-up, larger hogging than sagging moments are developed in the
beams near the joint. In the absence of the slab, yield hence initialises in the top beam bars at 0.67%

drift near the interface with the joint.

During the 1.0% drift cycle, cracks in the joint appear. The maximum lateral load of 45.16 kN is
reached at 1.46% drift. The post peak behaviour is dominated by damage concentration in the joint.
The results in Table 4 show that despite joint failure, softening is less accentuated than for specimen
C1 (-70.2%) and a large displacement ductility of 5.2 is reached. As for C1, this is partly due to a low
yield drift. After reaching the ultimate state (20% capacity drop) at 3.5% drift, concrete crushing in the

corners of the joint is observed (4.0% drift), followed by spalling in the joint panel (4.5%).

3.2. BEHAVIOUR OF RETROFITTED SPECIMENS

The retrofitted specimen with slab and transverse beam, C1-RT-B-sw, presents a very ductile
behaviour and a significant increase in lateral load capacity (+37.7%) compared to its control
specimen. As for C1, a large crack at the interface between the slab and the upper column is
observed, however from Fig. 10 (b) it can be seen that the rotation of the beams is significantly
increased. The damage and plastic hinge formation in the beam occurs away from the joint, as
anticipated by the design. Compared to the control specimen, damage is delayed with onset of
yielding and cracking in the beams observed at 1% drift. As shown in Fig. 10 (b), cracks in the beam
bottom face are spread along its length, with cracks appearing in the envisaged plastic hinge zone

(one beam depth away from the joint interface) at 1.5% drift.

Fig. 10. Final damage state in C1-RT-B-sw; (a) column and slab, (b) beam underside. Envisaged
plastic hinge zone circled in red.
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Despite the presence of cuts in the slab at its interface with the beams, cracks are seen to extend fully
across the width of the slab from the 2.0% drift cycles onwards. Multiple parallel cracks perpendicular
to the main beam axis are observed first, followed by diagonal cracks in the slab bottom face
originating from the end of the selective weakening cuts (3.0% drift). Ultimate failure is reached after
partial rupture of the FRP strand along the main beam (indicated in Fig. 3 a) is observed. Visual
observation during the test however indicates that this rupture is not caused by excessive tensile
strain, but as a consequence of a shearing mechanism due to contact with the transverse beam FRP
strand. Despite crack opening at the upper column base, the maximum recorded strain in the vertical

FRP strands remains significantly lower than the debonding or rupture strain (0.08%).

Joint integrity is preserved in the specimen up large levels of drift. This is due to activation of the FRP
strands passed through the joint, which is confirmed by strain readings up to 0.12%. No damage in
the joint core is observed after testing when the transverse beams are removed. It is highlighted that
in a specimen previously tested with a similar strengthening scheme, but without joint core
strengthening, the joint did suffer damage [33]. This confirms the importance of the joint strengthening
strands when a retrofit scheme leads to higher load and displacement demand. Overall, the specimen
behaves according to the envisaged hierarchy of strengths from the retrofit design leading to a
strongly improved softening behaviour (-61.8% compared to C1), and hence a more ductile (+89.6%)

and dissipative failure mechanism (+247.8%).

With the absence of slab and transverse beams for the retrofitted cruciform specimen C-
noSLT-RT-B, damage in the beams and joint is more pronounced, as shown in Fig. 11 (a) and (b),
respectively. No damage or FRP debonding are observed in the columns. In terms of joint shear
damage, the behaviour of C-noSLT-RT-B is significantly improved compared to C-noSLT. While
diagonal cracks below the joint-shear strengthening were observed from 1.0% drift onwards (which
led to partial FRP debonding in the joint panel at 1.5% drift), the joint retains its integrity throughout
testing. This can be attributed to significant activation of the two FRP strips in the joint, for which a
maximum strain of 0.46% is measured. This is nearly four times the value recorded for C1-RT-B-sw
(0.12%). The improved joint shear behaviour is apparent in the plot of principal stress against joint
shear distortion in Fig. 9. While strong joint shear strength degradation with increased distortion is

observed for the control specimen C-noSLT, the joint displays an elastic behaviour for C-noSLT-RT-B
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with significantly reduced distortion (-75%). The FRP strips clearly strengthen the joint with tensile

stress reaching 0.72 Vfc; an increase of 84% compared to specimen C-noSLT.

(a) (b)

Fig. 11. Specimen C-noSLT-RT-B: (a) large crack opening at beam; (b) diagonal cracks in the joint
panel after removal of FRP.

As a consequence of joint shear strengthening, a significant increase in lateral load capacity (+50.2%)
is obtained for C-noSLT-RT-B compared to its control specimen C-noSLT as shown Table 4. Due to
the plastic hinge relocation, large flexural crack opening in the beams at about 500 mm from the joint
interface is observed from 1.0% drift onwards. This leads to loss of mechanical anchorage of the
beam FRP strengthening (Fig. 11). This causes a sudden drop in capacity at -3% drift. As a result of
this brittle failure, substantial softening can be observed in the hysteresis curve of Fig. 6 (+456.6% vs
C-noSLT) and corresponding very low ductility of 2.8 (-45.9%) and reduced energy dissipation of 19.2

kNm (-39.6%). This could be avoided through a more distributed anchorage placement.

4. ANALYSIS AND DISCUSSION

The experimental results of the specimens with and without slab and transverse beams show
significant differences in response and damage mechanism. The effect of slab and transverse beams
is clearly seen when comparing the control specimens C1 and C-noSLT and their respective failure
mechanisms. Specimen C-noSLT displays a more ductile response (+44.4% vs C1), but with a much
lower peak force (-28%) and a decreased energy dissipation (-0.8%). The initial stiffness of the
specimen without slab is also much lower (-27%). For the control specimen without slab and
transverse beam, C-noSLT, a very different damage pattern is observed, with concentration of

damage in the joint region, with some cracking along the beam and very limited cracking in the

19



427

428

429

430

431

432

433

434

435

436

437

438
439

440
441
442
443
444

445

columns. This is in stark contrast to the single-storey failure observed for C1. For C1 only limited
rotation of the beams is observed and damage is concentrated in the column at its interface with the

joint.

When identifying the contribution of individual RC members to the total energy dissipation of the
specimens in Fig. 12, the consequence of reduced beam rotation in C1 with slab is clear. Nearly 80%
of the total energy dissipation is dissipated by the columns, whilst only 1.5% can be attributed to the
beams. For C1 a much lower curvature in the beams is recorded (- 90.2% vs C-noSLT) and the
rotation of the beams is also highly asymmetric. In the case of C-noSLT, the absence of the slab
means that hogging and sagging moment capacities of the beam are similar, allowing the beams and
joint to rotate. This leads to 20.4% of the total energy dissipated by the beams and the majority of

energy dissipated by the joint (68.1%), with the column contribution reduced to 11.5 %.

C1 RT B sw

100
80
60
40
20

Contribution to dissipated energy (%)

100
80
60
40
20

0 0
2 3 4 5 6
C noSLT RT B
100 100
80 80
60 60 [ Column
[ IBeam
40 40 I Joint
20 20
0 0
2 3 4 5 6
Drift (%)
Fig. 12. Energy dissipation by individual members (Column, Beam & Slab, Joint panel) for all tested
specimen.

The observation of different damage mechanisms for the control specimens with and without slabs
and transverse beams in the experiments echo previous observations in a detailed finite-element
analysis [8], which found differences in failure mechanism, as well as strength and ductility between

C1l and C-noSLT, and are in line with limited published experimental evidence [5,7]. The latter
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observed that the contribution of slabs and transverse beams can be underestimated by current
guidelines. This difference in failure mechanism affects the retrofit objectives significantly, as retrofit
designs based on experiments conducted on cruciform interior joint specimens like C-noSLT focus on
joint shear strengthening, while in reality, post-earthquake reconnaissance studies indicate that
single-storey weak-column failures are more commonly observed [5,9]. In real structures with RC
slabs and transverse beams, the additional hogging capacity from the slab reinforcement, as well as
increased joint confinement from transverse beams, means that the failure mechanism of C-noSLT is

not observed for interior joints.

The main hypothesis tested in the experiments was however linked to the observation in the
literature of an overestimated effectiveness of retrofits when testing cruciform configurations
compared to more realistic specimens with slab or transverse beams. The analysis of previous
experimental work indicated a strength increase of 45% for cross-shaped specimens compared to
26% for FRP-retrofitted joints with slab and transverse beams [2]. For the two specimens C1-RT-B-sw
and C-noSLT-RT-B tested in this study, retrofitted with the same procedure and amount of FRP, the
difference in effectiveness is less pronounced, but still significant, with an increase in strength of

37.7% with slab and 50.2% without slab, respectively.

In turn, the performance of the retrofit for specimen C-noSLT-RT-B in terms of ductility and softening
behaviour is observed to be reduced (Table 4). This is however associated to the loss of anchorage
after significant damage to the beams. This heavy damage is a direct consequence of the retrofit
increasing beam participation and rotation. For the specimen without slab, ensuring failure by a beam-
sway mechanism in C-noSLT-RT-B is achieved by retrofitting the joint to eliminate joint shear failure.
The different hierarchy of strengths between the respective control specimens, reduces column
damage in the specimen without slab. The effectiveness of inducing beam failure is clearly observable
when looking at the contribution of individual RC members to the total energy dissipation in Fig. 12.
For the specimens without slab, an increase in energy dissipation due to the beams from 20.4% in C-
NoSLT to 52.2% in C-noSLT-RT-B is obtained, corresponding to 31.8 pp. This increase can be
attributed to an increase in beam rotation combined with a reduced joint shear deformation in C-
noSLT-RT-B. For the specimen with slab however, the beam participation to the total energy

dissipation is only moderately increased from 1.5% in C1 to 14.4% in C1-RT-B-sw (+12.9 pp). Beam
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damage and rotation are observed, but the column still dominates the dissipative behaviour of the
specimen, and displays substantial damage despite significant strengthening. This is a consequence
of the slab resisting beam rotation despite selective weakening, which renders moving damage to the

beams challenging.

Overall, the experiments conducted on specimens with slab and transverse beams is shown to have a
clear effect on the behaviour of retrofitted joints. The observed damage and location of damage in
specimens without slab impacts the retrofit design and effectiveness, as highlighted by the

experiments presented in this study.

5. CONCLUSIONS

In this study, the importance of considering the presence of slabs and transverse beams when testing
and assessing existing structures was investigated by means of four full-scale experiments on
deficient RC beam-column joints. Two specimens, with and without slabs and transverse beam, were
tested in their as-built and retrofitted configurations. For the as-built control specimens, load carrying
capacity and failure mechanism of the specimens were observed to be significantly affected by the
presence of slab and transverse beams. The contribution of the slab dictates the hierarchy of
strengths, causing a single-storey column-hinging mechanism to form in specimen C1. Instead,
behaviour of the specimen without slab (C-noSLT) is dominated by a joint shear failure, which was not
observed in C1 due to increased joint confinement and reduced beam mobility. The latter was
confirmed by a significantly lower curvature in the beams (-90.2%) for specimen C1. This stark
contrast in failure mechanisms and capacities clearly affects FRP retrofit design, as a wrongly
identified failure mechanism can result in focussing the strengthening intervention on the wrong target
elements. This is of particular importance considering that most interior joints tested in the literature
focus on joint shear-strengthening alone and may not sufficiently consider the hierarchy of strengths

of the sub-assembly.

To assess the consequence of slab and transverse beams on the retrofit effectiveness, two
specimens C1-RT-B-sw and C-noSLT-RT-B were retrofitted using the same procedure and same
amount of FRP strengthening material. The retrofit was designed from a capacity-design perspective,
looking at changing the overall failure mechanism of the joint sub-assembly to a more ductile and

dissipative beam-hinging failure. To address the inadequate flexural strength ratio of columns and
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beams, a combined retrofit and selective slab weakening retrofit was devised and shown to effectively
transfer damage to the beams, and to promote a stronger beam participation in the energy dissipation
in the specimen with slab and transverse beams. Due to the increase in developed beam moments,
joint shear strengthening was performed, and was shown to effectively prevent damage in the joints,
which was not the case in previous efforts without joint strengthening. For the cross-shaped specimen
without slab and transverse beams, the strength increase was significantly more pronounced (+50.2%
vs +38%). The results from this experimental study echo observations made in a previous analysis of
the experimental literature and strengthen the initial hypothesis that tests on cruciform specimens
may overestimate the effectiveness of retrofit schemes. However, the retrofit scheme was shown to
be less effective for the specimen without slab in terms of ductility and softening behaviour. This was
related to a failure in the anchorage system following beam-hinging, indicating a need for improving

this aspect of the retrofit scheme.

A more detailed analysis of the experimental results highlighted that the proportion of energy
dissipation from the beams significantly increases for both retrofitted specimens, particularly for higher
drift levels. Moreover, the contribution of the joint core to energy dissipation is reduced, and especially
so for specimen C-noSLT-RT-B, confirming the success of the joint shear retrofit to significantly

reduce observed damage in the joint panel.

Moreover, experiments on realistic specimens were shown to be important to prove the feasibility of
the proposed retrofit scheme and to address practical requirements such as drilling small holes at the
beams and column corners or the need for cutting through members, as well as the location of
anchorage. The need for selective weakening of the slabs to achieve increased beam rotation was
shown, but the observation of the energy dissipation still being dominated by the columns highlights
the strong effect of the slab despite weakening. This presents an important challenge to transferring
damage to the beams. Ignoring obstacles such as slabs and transverse beams may lead to simplified
retrofit designs tested in academic research which are not translatable to real buildings. Overall,
considering a realistic beam-column joint geometry to assess FRP retrofitting schemes showed that
care needs to be taken when design equations are derived from experiments with simplified specimen

geometries.
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Further research, including experimental and numerical studies on different retrofit layouts, but also
looking at specimens with slab but without transverse beams or without slab but with transverse

beams, are needed to study this topic further and allow for more general conclusions.
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