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Abstract

This study investigates suitable models for the analysis of innovative retrofits in infilled (and
bare) reinforced concrete frames. It focuses on the detrimental effects of prior damages and
deficiencies in frames such as corroded steel reinforcements or inadequate lap-splices in col-
umns that may lead to premature failures and structural collapses. It investigates numerically
the beneficial effects of innovative interventions on deficient RC frames, through pseudo-
dynamic 3-dimensional finite element analyses. The intervention involves infill wall with spe-
cial thermal insulating clay brick orthoblocks, having at the boundary interface with the RC
frame, an advanced seismic joint made of highly deformable polyurethane. The technique has
been already validated experimentally in frames without corroded or lap-spliced bars [1] (as
well as for a four-column structure in project named “INfills and MASonry structures pro-
tected by deformable POLyurethanes in seismic areas” — INMASPOL [2,3]). The analyses
suggest that the 3dimensional FE models may reproduce with satisfactory accuracy the me-
chanical behavior of FRP retrofitted deficient columns. Further, they suggest that the defi-
cient RC frames after the innovative composite retrofit achieve higher base shear load than
the original bare RC frame without corroded or lap-spliced bars, at comparable top dis-
placement ductility.
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1 INTRODUCTION

Reinforced concrete (RC) structures in seismic and coastal regions often present accumu-
lated damage due to corrosion of steel reinforcement [4] among others. Further, the columns
may include several deficiencies such as inadequate lap-splices of bottom steel bars [5, 16]
among others. Available innovative materials and intervention techniques such as steel fiber
systems or fiber reinforced polymers (FRPs) in the form of sheets, strips and ropes are widely
used. Suitable diagnosis and retrofit of deficient members can improve their strength, delay
further corrosion of the reinforcement as well as reduce deformations at the serviceability lim-
it stage [5-11, 17].

Furthermore, the behavior of RC frames with masonry infills is significantly affected by
the stiffness and the difference in yield-failure deformation between the RC frames and the
masonry infills. The majority of buildings are constructed by brittle materials (clay bricks or
concrete). Flexible frames cannot support high loads at low excitations and this can cause
damage to the infills in normal (frequent) earthquakes. In the case of aftershocks, damaged
infills may fail in and/or out of plane and collapse, causing human injuries. On the other hand,
if the infill is too strong compared to the columns, it may cause their detrimental shear failure.
Seismic isolation of the infills through structural Polyurethane Flexible Joints (PUFJ) may
result in desirable RC frame — infill interaction enhancing the elastic stiffness and base shear
while maintaining significant displacement ductility of the composite frames [1-3]. PUFJs can
be used to fill cracks or joints or to bond composite materials (for masonry see [12]). In cases
the fiber retrofit is applied with standard epoxy resins or inorganic matrices, the sequence of
failures of the infilled RC frames remains unchanged, revealing a significant accumulation of
damage for relative displacement of the frame between 0.5% - 1.5% [13]. Recent analytical
studies have shown that strengthening with PUFJs may delay infill damage and thus enables
the engagement of multiple different infills in a building frame. This aspect increases their
shear capacity significantly [3].

However, during an experimental campaign involving large scale frames, only a few pa-
rameters can be investigated due to the high demand of resources and time. 3D finite element
modelling and analyses may help address the effects of critical design parameters or deficien-
cies or damages in frames, by further developing already validated models in RC columns and
in half RC column-foundation specimens retrofitted or not (see [14,15]).

This study investigates analytically the performance of bare RC frames with corroded rein-
forcements or inadequate bar lap-splices. Further, their corresponding RC frame counterparts
with an innovative infill and PUFJ seismic joint are included in the parametric investigation.
The infill wall is made of special thermal insulating clay bricks (orthoblocks with vertical di-
rection of holes), having at the boundary interface with the RC frame an advanced seismic
joint made of highly deformable polymer (PUFJ). The technique has been already validated
experimentally in frames without corroded or lap-spliced bars in [1] (as well as for a four-
column structure in INMASPOL [2,3]). The parametric analyses reveal the effects of damages
and deficiencies on the performance of seismic resistant frames and the potential of innova-
tive retrofits with seismic polymer joints.

2  FINITE ELEMENT MODELLING

This study develops suitable models for the analytical investigation of innovative retrofits
in infilled (and bare) framed structures with prior structural deficiencies, based on the prior
numerical validation of 3D FE models of isolated columns with deficiencies.
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2.1 Concrete

The behavior of concrete is captured with the Riedel-Hiermaier—Thoma (RHT) model [18-
20] (ANSYS, Autodyn [21]), suitable for similar geological materials under dynamic loading
situations. The RHT is a constitutive model for brittle materials and is a combined plasticity
and shear damage model in which the deviatoric stress in the material is limited by a general-
ized failure surface of the form (Eq. 1)

f(P, O-eq’e’ &)= Oy~ YTXC(P) *FCAP(P) *Rs(e) *(F)RATE(E) (D

where G¢q 1s the uniaxial compressive strength, Yrxc(p) 1s the fracture surface, Fcapp) is a
dimensionless cap function which activates the elastic strength surface within the RHT mate-
rial model at high pressures, R3) is the third invariant dependence term and (F)raTec) 1S the
strain rate effect represented through fracture strength with plastic strain rate.

2.2  Longitudinal and Transverse Steel Bars

In Explicit Dynamics analyses, plastic deformation is computed by reference to the Von
Mises yield criterion (also known as Prandtl-Reuss yield criterion). This states that the local
yield condition is (Eq. 2)

(0,-0,) +(0,-0,) +(0,—0,) =2Y* (2)

where 61, 62, 63 are the first, second and third principal stresses and Y is the yield stress of
steel reinforcement under tension.

For the elastic part of the response of the longitudinal and transverse steel was chosen the
“Isotropic Elasticity” model. The “Bilinear Isotropic Hardening” model was used to define the
yield stress (Y) as a linear function of plastic strain, g, (Eq. 3)

Y=Y, +A%¢, 3)
where Yy is the yield strength and A is the tangent modulus.

2.3 Brick

Brick is modeled with Young’s modulus equal to 3800 MPa and Poisson’s Ratio equal to
0.25. The orthotropic elasticity material properties with tensile strength in X, Y and Z direc-
tions are 1.49 MPa, 3.89 MPa and 1.49 MPa, respectively.

2.4 Fiber Reinforced Polymers (FRP)

The retrofitted isolated specimens were externally confined with 2 layers of carbon FRP
[5]. The FRP jacket was applied over a height of 600 mm at the base of the column. The
thickness of one layer of CFRP was t=0.13 mm, the elastic modulus was E~=230 GPa and the
failure strain was €,,=0.015, while the corners of the section were rounded with radius of
r=30mm. FRP jacket was modelled as an orthotropic elastic material. For the analyses, the
material properties were reduced to 59,160 MPa for the elastic modulus along the direction of
carbon fibers in order to take into account both the fibers and impregnation polymer. In addi-
tion, the thickness of the jacket was suitably increased so that the elastic modulus multiplied
by the thickness of the jacket, in both cases, provides the same axial rigidity value.
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2.5 Polyurethane

The frame specimen is the brick infilled RC frame with polymer joints of 2cm thick at 3
sides, simulating application to existing buildings. The 3-sided gap was filled in with PUFJ
polymer through by injection. Polymer for PUFJ was of type Sika PM. The elastic modulus,
strength and ultimate elongation of the polymer were 4 MPa, 1.4 MPa and 110%, respectively
in a tensile test and the Poisson ratio 0.47. Polyurethane is modeled as an isotropic elasticity
material.

2.6 Element Type

Concrete and bricks were eight-node elements "Hexahedral Solid Elements". The internal
steel reinforcement was 2-node element “Beam (Line) Elements” with the ability to develop
large axial deformations. More details on the FE modelling and analysis procedure can be
found also in [14, 15].

3 VALIDATION OF FE MODELS

The analytical study presented herein includes two phases. At the first phase the accuracy
of the prediction performance of the constructed 3D FE models are validated against the ex-
perimental results of 2 selected real scale RC frames from the study by [1]. Specimen A1F is
the bare RC frame of the series and it is designed according to current Eurocodes. This real
scale frame has plane dimensions of 270 cm long beam with extensions of 30 cm in both sides
and height of 245 cm (245 cm to the level of the diaphragm). The columns are of cross section
dimensions of 25 cmx25 cm and have 8®16 longitudinal continuous rebars (without lap-
splices) and ®10/100 mm closed stirrups (peripheral and rhombic). The columns have two top
extensions of 30 cm as well as a common foundation beam with dimensions 30 cmx40
cmx355 cm. The top beam has cross section dimensions of 25 cm*25 cm and is reinforced
with 8®14 longitudinal rebars and ®10/100 mm closed stirrups (peripheral). The dimensions
of the RC frame and the detailing of the internal steel reinforcement are depicted in Figure 1a.
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Figure 1: (a) Dimensions of the RC frame and detailing of internal steel reinforcement and (b) Specimen B2 with
3 —sided polymer joint applied on existing infill (adapted by [1]).
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Specimen B2 is identical to the A1F frame with addition of infill wall with special thermal
insulating clay bricks (orthoblocks with vertical direction of holes), having at the boundary
interface with the RC frame, advanced seismic joint made of highly deformable polymer. The
polyurethane joint is 2 cm thick, placed at 3 sides (at 2 vertical interfaces and at top interface)
which is depicted in Figure 1b. The two columns of the frame have been subjected to 375 KN
concentric load each. Then, the horizontal actuator imposed cycles of gradually increased dis-
placements at the top beam. More details on the experimental setup and test results of the 2
selected frames can be found in [1].

Figures 2a and 2b show in black and black-grey curves the experimental envelope base
shear — top displacement curves of the two frames for (+) and (-) push respectively. It should
be mentioned that the innovative orthoblock infill with the PUFJ seismic joint increased the
elastic stiffness of the frame as well as the maximum base shear of the frame from 164 kN
(AT1F frame push +) and 134 kN (A1F frame push -) to 192.8 kN (B2 frame push +) and 167
kN (B2 frame push -) when the orthoblock-PUF]J is used. Further, the top displacement ductil-
ity of the infilled frame B2 was remarkable, with negligible base shear reduction up to 3.5%
drift for push (+).

The analytical predictions of the FE analyses are in red color and compare well with the
experimental ones in terms of maximum and ultimate base shear as well as in terms of top
displacement at maximum bearing load and at ultimate (see figure 2).
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Figure 2: Analytical base shear force -displacement curve for (a) A1F and (b) B2 with no and 29% corrosion,
compared against the experimental ones.

4 PARAMETRIC FE ANALYTICAL INVESTIGATION

At the second phase, the study utilizes the modelling approach presented in [15] for RC
columns with lap-spliced steel bars or with corroded reinforcements. The corresponding de-
velopments are introduced in the frames A1F and B2 to investigate the effects of the imple-
mentation of orthoblock infill with seismic PUFJ on the P-d performance of deficient frames
in need of retrofit.

4.1 Corrosion of steel reinforcement

Anagnostou and Rousakis [15] validated the simplified FE approach on the analysis of RC
columns with corroded steel bars of varying degree of corrosion utilizing the experiments by
[5]. The half column specimens had section dimensions 20 cm x 30 cm and height 120 cm.
The concrete strength and steel yield stress was f.=25.5 MPa and f;1=460 MPa and the nor-
malized axial load v=0.18. Four different degrees of corrosion were investigated experimen-
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tally. The FE analytical results in [15] suggest there is reduction of the force received by the
longitudinal bars under tension compared to the uncorroded column, as the degree of corro-
sion increases (in accordance with the mass loss of the steel). The strength and the ductility of
RC column decrease and the reduction of strain in corroded steel bars is significant. Finally,
for a high degree of corrosion, fracture of steel longitudinal bars is expected.

A corrosion of about 10% results in negligible reduction of the ultimate chord rotation [5]
while a higher than 20% leads to a dramatic reduction of the yielding and ultimate strength.
The column NS-X16 presented a reduction in experimental ultimate displacement of about
28% and in strength about 10% with respect to uncorroded one. This corrosion level is con-
sidered in this study the limit one for a column satisfying the seismic code requirements.

Herein, the analytical and experimental results (for both directions, push + and push -) of
specimens NS-X0 and NS-X16 (0 and 16% corrosion, respectively) for the maximum and ul-
timate lateral force (Pmax, Pu) and the corresponding displacements (dpmax, Opu) are presented
and compared in Table 1. The parameter used for the comparisons in all tables is the Absolute
Divergence (AD), also known as Absolute Error (AE). It is defined as follows:

a a

anal. exp.

AD = (4)

a

exp.

AD requires the absolute experimental values (0exp.) to be subtracted by the analytical ones
(0anat) and then divided by the experimental ones (aexp.). The divergence between the experi-
mental and analytical values at characteristic states for the columns is low (Table 1). All com-
parisons with loads and displacements at characteristic states suggest the analytical
predictions are satisfactory. More details can be found in [15].

NS-X0 NS-X16

Exp. Anal. AD (%) Exp. Anal. AD (%)
Prmax (+) (kN) 60.70 54.56 10.11 50.90 49.56 2.64
Opmax (+) (mm)  20.00 20.87 4.35 18.00 42.12 134.00
Pmax (-) (kN) 52.00 54.56 4.92 50.00 49.56 0.88
OPmax (-) (mm)  15.00 20.87 39.13 30.00 42.12 40.40
Py (+) (kN) 51.60 46.38 10.12 43.27 42.13 2.63
Spu (+) (mm) 81.10 73.75 9.06 55.10 52.86 4.07
Py (-) (kN) 44.20 46.38 4.92 42.50 42.13 0.88
Opu (-) (mm) 70.00 73.75 5.36 55.00 52.86 3.89

Table 1: Comparative results for specimens NS-X0 and NS-X16 with different corrosion levels.

The same approach was adopted for the frames A1F and B2. The scenario concerns 29%
mass loss due to corrosion for all the steel bars and stirrups, including the two columns along
with the beam. All analyses are stopped at the same displacement, as the experimental one.
Figure 2a presents the analytical base shear force — displacement curve of frame A1F with
29% corrosion while figure 2b the curve of B2 with 29% of corrosion, both in yellow color.

The dashed lines mark the 20% drop of the maximum values of the analytical and experi-
mental base shears (for both directions, push + and -), considered as the lowest acceptable
threshold of base shear at failure according to several seismic codes. In particular (see Table
2), for frame A1F without corrosion these experimental limit values for push (+) and (-) are
0.8x164=131.2 kN and 0.8x134=107.2 kN respectively. The analytical prediction is
0.8x148=118.4 kN, being around the average of experimental ones. Analysis for A1F with
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29% corrosion reveals maximum base shear of 113.35 kN which is around the analytical 80%
value at failure for uncorroded frame. Further, the ultimate base shear is 103.26 kN, lower
than the experimental limits and far lower than the analytical failure limit of 118.4kN. It
seems that the base shear degradation at ultimate because of 29% corrosion in bare frame A1F
is 30.2% (i.e. from 148 kN to 103.26 kN), concluding corroded A1F as insufficient. This load
drop is far higher than in isolated columns (15.6%) as all steel reinforcements of the frame are
considered corroded.

AT1F (No corrosion, No lap)  A1F (29% corrosion) A1F (11dwe lap

length)

Exp. Anal. AD (%) Anal. AD (%) Anal. AD (%)
Pmax () (kKN)  164.00 148.00  9.76 113.35 23.41 139.67  5.63
Opmax () (mm) 65.00  59.93 7.80 46.25 22.83 53.34 11.00
Pmax (-) (kN)  133.40 148.00 10.94 113.35 23.41 139.67  5.63
OPmax (-) (mm) 65.00  59.93 7.80 46.25 22.83 53.34 11.00
Pu (+) (kN) 15990 139.14 1298 103.26 25.79 131 5.9
opu (+) (mm)  101.50 101.50 - 101.50 - 101.5 -
Pu (-) (kN) 12470  139.14  11.58 103.26 25.79 131 5.9
Opy (-) (mm) 99.00 101.50 - 101.50 - 101.5 -

Table 2: Comparative results for specimens A1F with different corrosion levels and lap lengths.

For frame B2 without corrosion, the corresponding experimental limit values for push +
and - are 0.8x192.8=154.2 kN and 0.8x167=133.6 kN respectively (Table 3). The correspond-
ing analytical prediction is 0.8%x190.25=152.2 kN, being around the experimental push + value.
Analysis for B2 with 29% corrosion reveals maximum base shear of 152.66 kN which is
around the analytical value at failure for uncorroded frame. Further, the ultimate base shear is
141.48 kN, which is higher than the limit experimental value for push — direction. However,
this base shear degradation at ultimate because of 29% corrosion, is 25.6% (i.e. from 190.25
kN to 141.48 kN), concluding corroded A1F marginally as insufficient. Interestingly, if B2
frame is considered the retrofitting scenario for A1F corroded bare frame, then the analytical
behavior of corroded A1F retrofitted with orthoblock infills and PUFJ (corroded B2) is
somewhat better than the analytical behavior of uncorroded A1F. Indeed, the maximum base
shear of B2 corroded is 152.66 kN (higher than 148kN in A1F uncorroded). Further, the ulti-
mate base shear is also higher. Given the unique characteristics of PUFJ for emergency retro-
fits providing a short curing period of some hours [1-3], this innovative retrofit could enable
the corroded frame to sustain P-d demands equivalent to the uncorroded one.

B2 (No corrosion, No lap) B2 (29% corrosion) B2 (11dyL lap length)

Exp. Anal. AD (%) Anal. AD (%) Anal. AD (%)
Prax (+) (kN) 192.80 190.25 1.32 152.66 19.76 165.04 13.25
Opmax () (mm) 44.80 54.70 22.10 51.70 5.48 53.72 1.79
Pimax (-) (kN) 166.60 190.25 1420 152.66 19.76 165.04  13.25
Opmax (<) (mm) 44.80 5470  22.10 51.70 5.48 53.72 1.79

Py (+) (kN) 179.00 180.42 0.79 14148  21.58  147.76  18.10

Spu () (mm)  81.40 8140 - 81.40 _ 81.4 ;
P. (-) (kN) 134.50 18042 34.14 14148  21.58  147.76  18.10
Spu(-) (mm) 8140 8140 - 81.40 _ 81.4 :

Table 3: Comparative results for specimens B2 with different corrosion levels and lap lengths.
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Figures 3 and 4 present the concrete damage of the specimens A1F and B2. Frames A1F
with 29% corrosion and uncorroded present similar damage accumulation. Damage occurs
mostly at the bottom and the top of the columns (critical regions) and inside the joints. Spec-
imen B2 with 29% corrosion presents damage at similar regions but of lower severity as the
damage is also distributed inside the orthoblock infill.

(a) (b)

Figure 3. Concrete damage of specimen A1F with (a) no corrosion/no lap splices, and specimen B2 with (b) no
corrosion/no lap splices (magnification factor 2).
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Figure 4. Concrete damage of specimen A1F with (a) 29% corrosion at total displacement 101.50 mm and spec-
imen B2 with (b) 29% corrosion at total displacement 81.40 mm (magnification factor 2).

4.2 Lap-spliced longitudinal bars

Anagnostou and Rousakis [15] have verified the 3D FE models of columns with lap-
spliced longitudinal bars utilizing the experiments by [22]. The half columns had section di-
mensions 25 cmx50 cm and height 160 cm. The concrete strength varied among columns
£:=26.9-32.9 MPa, and steel yield stress fy1=514 MPa. The normalized axial load was v=0.26-
0.30, while three different lap-splice lengths of 15 times the diameter of the longitudinal bar
(15dbr), 30dsr and 45dsr. were examined. Table 4 cites the analytical and experimental results
of columns with no bar laps or with bar lap lengths of 15 dyr and 30dyr confined with 2 layers
of FRP. All comparisons with loads and displacements at characteristic states suggest the ana-
lytical predictions are satisfactory. Column with 15 dyr lap-splices (R-P2L1) shows a signifi-
cantly reduced base shear (a mean reduction of about 20%) and reduced deformation capacity
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compared with the column without laps (R-P2L0). Column with 30d,. (R-P2L3), achieves
ultimate displacement similar to that of R-P2L0 but at marginally lower base shear (around
4%). Similarly, the analytical maximum axial force developed on the bars under tension at the
lap region at the base of column R-P2L3 is 134.63 kN. This force is 9% lower than the axial
force of 147.89kN in R-P2L0. For the column R-P2L1 the corresponding axial force is 85.49
kN, being 57% of the one in column R-P2L0. Therefore, the steel bars in the lap do not yield
(analytical yield tensile force on the bar is 130.8 kN).

R-P2L0O R-P2L1 R-P2L3
Exp Anal AD (%) Exp Anal AD (%) Exp Anal AD (%)

Pmax () (kN) 240.00 217.73 9.28 175.00 176.86 1.06 215.00 209.11 2.74
Opmax () (mm) 4850 34.84  28.16 19.50 27.77 42.41 48.50 38.13 21.38
Pmax (<) (kKN) 194.00 217.73 12.23  168.00 176.86 5.27 208.00 209.11 0.53
Opmax (-) (mm) 38.50 34.84  9.51 19.00 27.77 46.16 34.50 38.13 10.52

Py () (kN) 192.00 174.18 9.28  140.00 141.49 1.06 172.00 167.29 2.74
Spu () (mm) 7040 7537  7.06 5440 5846 7.47 7520 66.85 11.10
P. () (kN) 15520 174.18 12.23  134.40 141.49 527 166.40 167.29 0.53

Spu () (mm) 64.00 7537 1777 5000 58.46 1692  65.00 66.85 2.85

Table 4: Comparative results for specimens R-P2L0, R-P2L1 and R-P2L3 with different lap lengths.

The same approach was adopted for the frames A1F and B2. The scenario concerns the in-
sufficient lap-splice case of 15ds.. However, this lap length is further reduced to 11dyL ac-
cordingly, based on the different concrete strength of the frames (C30 quality) that
corresponds to higher bond strength of the bars inside concrete than the one in the columns by
[22] (C20 quality). All analyses are stopped at the same displacement, as the experimental one.
Figure 5a presents the analytical base shear force — displacement curve of frame A1F with
11dyL lap length while figure 5b the curve of B2 with 11dyL lap length, both in green color.

Analysis for A1F with 11ds. lap length reveals maximum base shear of 139.67 kN (see
Table 2) which is only 5.63% lower than the analytical value at maximum for the frame with-
out laps (148 kN). The corresponding ultimate base shear is 131 kN (only 11.4% lower than
148 kN, correspondingly). The ultimate base shear in A1F with laps is higher than all limit
values of 20% drop (experimental or analytical), being sufficient globally, despite insufficient
laps. It seems that the base shear degradation at ultimate because of insufficient lap-splices is
higher in isolated half column specimens revealing a shear force of 141.49 kN. The corre-
sponding maximum base shear in column without lap-splices is 217.13 kN, denoting a drop of
34.8% (3 times higher). The reason for this, may be attributed to the engagement of the sec-
tions on the top of the columns of the frame at higher extend, to compensate for the insuffi-
ciency of the bottom sections (redistribution effects).

Analysis for B2 with 11dyL lap length reveals maximum base shear of 165.04 kN which is
14.4% lower than the analytical value at maximum for the frame B2 without laps (Table 3).
The ultimate base shear in B2 with laps is 147.76 kN (22.3% lower, correspondingly). This
value is around the analytical limit value of 20% drop for frame B2 without laps (152.2kN),
being only marginally insufficient globally, despite heavily insufficient laps. Further, if B2
frame is considered the retrofitting scenario for A1F bare frame with laps, then the analytical
behavior of corroded A1F retrofitted with orthoblock infills and PUFJ (corroded B2) is far
better than the analytical behavior of A1F without laps. Indeed, the maximum base shear of
B2 with laps is 165.04 kN (higher than 148kN in A1F without laps). Further, the ultimate
base shear is 147.76 kN (Table 3), compared with 139.14 kN in A1F without laps (Table 2).
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In this case, orthoblock-PUFJ emergency retrofit [1-4], could enable the lap-spliced frame
to sustain P-d demands higher than the A1F frame without laps.

20 20
200 200
180 180
160 160
140 140

- e B 1LY =

E 10 b e e alfl - T c s = === T Ra LR 1100 b g_ 10

e - & 100
o By g s ¢
] &

w—lnp Punh ||

40

0
L : L L o

o 0 a0 L &0 100 im

an
Fal

s i s s s

— LS SpdEe 1 LA

10 120

(a) (b)

Figure 5. Analytical base shear force -displacement curve for (a) A1F and (b) B2 with no and 11dy. lap length,
compared against the experimental ones.

Figure 6a presents the undeformed lap length region of 11dy. while figures 6b and 6¢ the
slippage of the bars of frames A1F and B2 at ultimate. In both cases the analyses suggest that
the lap-spliced bars reach their yielding force under tension (96.5 kN) despite the slip.

(a) (b) (c)

Figure 6. (a) Undeformed 11dy. lap length, (b) Slippage of longitudinal steel bars of specimen A1F at ultimate
displacement of 101.5 mm and (c) B2 at ultimate displacement of 81.4 mm (magnification factor 10).

Figures 7a and 7b suggest that both frames present similar damage accumulation. Damage
occurs mostly at the bottom and the top of the columns (critical regions) and inside the joints.
Specimen B2 with 11ds lap-splices presents damage of higher severity than in A1F, at the
upper left beam-column joint region and at the bottom of the right column. However, the

maximum shear force does not drop below 80% of the maximum experimental and analytical
values.

3045



Theodoros Rousakis, Evgenia Anagnostou and Theodora Fanaradelli

(a) (b)

Figure 7. Concrete damage of specimens with 11dp. lap length of (a) A1F and (b) B2.

S CONCLUSIONS

The analytical results of the developed FE models for frames A1F and B2 compare well
with the experimental results. Further, the frames are suitably integrated to assess analytically
their performance when they suffer 29% mass loss of their steel reinforcements due to corro-
sion or when the bottom column reinforcements have insufficient lap-splices of 11dyL length.
Reference experiments of the international literature in half column specimens are utilized to
validate the produced models.

The analytical results are mainly assessed based on the lowest acceptable threshold of 20%
drop for the base shear at failure when compared with the maximum base shear of the frame
(according to several seismic codes) without damages or deficiencies. Further, the investigat-
ed deficiencies cause no significant degradation of the elastic stiffness of the frames.

The corrosion of 29% steel mass loss to all reinforcements in bare frame A1F, results in ul-
timate base shear that is 30.2% lower than the maximum base shear in uncorroded AI1F.
Therefore, the frame is in need of retrofit as insufficient. In corroded B2 the corresponding
drop is lower, 25.6%, considering it marginally as insufficient. However, if corroded B2 is
considered the retrofit scenario for corroded A1F with orthoblocks and PUFJ, then the base
shear at maximum and at ultimate are both higher than the corresponding values in A1F un-
corroded, at comparable top displacement ductility. Therefore, it can be considered an effi-
cient retrofit (especially as emergency one). However, such high levels of corrosion should be
treated with caution.

The insufficient lap-splice of 11dyr to the bottom bars of the columns in bare frame A1F
results in ultimate base shear that is only 11.4% lower than the maximum base shear in A1F
without laps. The ultimate base shear in A1F with laps is higher than all limit values of 20%
drop (experimental or analytical), being sufficient globally, despite insufficient laps (in isolat-
ed half column specimens the drop was 3 times higher). In B2 with lap-splices, the corre-
sponding drop is 22.3%, considering it as marginally insufficient, despite insufficient laps.
Further, if B2 frame is considered the retrofitting scenario for A1F bare frame with laps, then
the analytical behavior of A1F with insufficient laps and retrofitted with orthoblock infills and
PUFJ (B2 with lap-splices) is far better than the analytical behavior of A1F without laps. Or-
thoblock-PUFJ could enable the frame with lap-splices to sustain P-d demands higher than the
ATF frame without laps, at comparable top displacement ductility.
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