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ABSTRACT

Four precast column-to-foundation connection specimens, previously tested under lateral reversed
cyclic loading and constant axial load (first-stage tests), were repaired with Carbon Fibre Reinforced
Polymer (CFRP) layers in the areas where plastic hinges had formed and were retested under the
same loads (second-stage tests). The columns were originally manufactured with ultrahigh-
performance concrete (UHPC) with high stee-fibre content (volumetric steel/fibre ratio 1.9%). The
steel bars in the connection were replaced with superelastic Ni-Ti SMA bars that crossed the
column/foundation interface. Two types of connection between the precast column and the
foundation were analysed: protruding bars and smooth pocket bars (SP). The specimens were
subjected to the same constant level of relative axial load in both the first and second-stage tests.
The objective was to determine whether the initial performance of precast UHPC and SMA reinforced
column-to-foundation connections against lateral cyclic loads can be restored after a seismic event
by means of simple and economic retrofitting. The effectiveness of the number of strengthening
CFRP layers was also studied (two or three CFRP wrapping layers) for each column-to-foundation
connection type. The main results for PB and SP connection specimens with respect to the original
specimens were respectively: an average strength capacity loss of 8% and 19%, displacement

ductility increase of 8% and 42%, dissipated energy 48% and 53% higher and initial stiffness 9.5%
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and 21% lower. No significant differences were observed in the repairs done with two or three CFRP

wrapping layers.

Keywords: UHPC, Ni-Ti, SMA, CFRP, self-centring, retrofitting, cyclic load, ductility, residual drift

ratio.



HIGHLIGHTS:

e Four precast column-to-foundation connections with UHPC and Ni-Ti SMA were repaired
e The influence of the column-to-foundation connection type was studied
e Cyclic response of repaired precast columns was studied

o The effectiveness of the number of CFRP wrapping layers was analysed
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1. Introduction.

Repairing damaged structures is one way to improve their sustainability and resilience. With the
recent growth of composite materials, confinement of reinforced concrete elements using fibre-
reinforced polymer (FRP) jackets has spread worldwide to restore structural performance. Carbon-
fibre reinforced polymer (CFRP) offers good strength and durability, light weight, excellent corrosion
resistance and easy construction [1]. CFRP jackets improve reinforced concrete shear strength and
ductility due to the confinement it provides to lateral expansion. CFRP is then subjected to
circumferential tension. The increased axial compressive and flexural strength and ultimate axial
strain of the concrete core depends on several factors, among which the thickness and tensile
strength of the CFRP and the compressive strength of the unconfined concrete stand out [2]. Sidiqqi
et al. [3] studied experimentally the effectiveness of CFRP wraps in reducing the lateral deflections
and improving the strength of slender circular reinforced concrete columns. They found that the
increase in load capacity increased 71% when two CFRP layers were employed. Ferracuti et al. [4]
proposed a cyclic model for square cross-sections wrapped by FRP sheets subjected to axial force
and cyclic bending. The ductility increased 78% when two FRP layers were employed, 110% with
three layers and 131% with six layers. Dundar et al. [5] also tested columns with different amount of
FRP layers and they found that with one layer the increase in the load capacity was 27% and it was
72% with two layers. Scott et al. [6] carried out an experimental research about the seismic response
of a full-scale, two-story reinforced concrete frame retrofitted by FRP jacketing. The maximum drift
undergone by first story columns reduced 22%. Quiertant and Clement [7] investigated the
performance of eccentrically loaded columns externally strengthened with CFRP. The strength
capacity increased 30% and the deformation capacity 513% in the best case. Similar tests were
carried out by Faustino et al. [8] and their results were that the load capacity rose up to 41%
maintaining the ductility. Youcef et al. [9] studied slender column under compression and bending

confined by CFRP layers and the bearing capacity increased 14%.

Earthquakes can cause significant deterioration of structural elements as they expose them to
horizontal loads that are resisted by damaging energy-dissipation [10]. In recent years, the use of

non-conventional materials has been studied to design precast structures with high seismic strength
4
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(high energy dissipation) with high deformation and strain resistance to reduce damage to materials
and residual deformation. Advanced materials such as Ultra High-Performance Concrete (UHPC)
and super-elastic Nickel and Titanium (Ni-Ti) Shape Memory Alloy (SMA) bars have been used in
previous studies by the authors [11-13], which showed that UHPC can stand the large strains
required to develop serious stresses in SMA with excellent performance in column-to-foundation

connections.

UHPC concrete has a compressive strength of at least 120 MPa at 28 days [14,15] and a flexural
tensile strength up to 45 MPa [16]. Its cementitious matrix contains small metal fibres at a very high
dosage rate of at least 1% by volume [15,17] which confers high ductility and reduces the need for
transverse reinforcement [16,18,27,19-26]. Its use in structures dissipates energy [28] and reduces
concrete damage [18,29,30] as it delays spalling of the concrete cover and compression
reinforcement buckling [11,12,30]. It has also been applied to precast construction [29,31,32]. SMA
bars have high ductility, can reach high strain levels and recover their predefined shape after heating
or unloading. Their reversible transformation phase, or martensitic transformation give them three
important structural engineering properties: the shape memory effect (SME), which makes them
return to a predefined shape after heating, super-elasticity, which is the ability to recover the initial
shape after unloading, and damping capacity, which is the reduction of structural movement and
vibration thanks to the conversion of mechanical energy into thermal energy. Ni-Ti is the most widely
used alloy and its good performance as a substitute for steel bars in structural elements in critical

areas has been shown to improve their ductility and dissipate energy [33-43].

Pereiro-Barcel6 et al. [13] tested four precast column-to-foundation connections under cyclic loading.
The columns were made with UHPC and the conventional steel bars were replaced by Ni-Ti SMA
bars in the connection area. The precast columns were connected to the foundation by smooth
pocket (SP) and protruding bars (PB). The specimens were tested under constant compression
loads and lateral cyclic loads. The use of these materials in the connections allowed a moment-
rotation behaviour with no significant damage and low residual deformations due to the super-elastic

Ni-Ti SMA bars and little UHPC damage.
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This paper describes the repair of the four specimens tested by Pereiro-Barcel6 et al. [13] with CFRP
layers in the areas where plastic hinges were formed. The columns were then experimentally
retested under a constant compressive load and lateral cyclic loads to study the capacity of the
repaired connection to restore its original strength and deformation capacity. The aim was to
determine whether the initial performance of UHPC and SMA against lateral loads in the critical
regions of a precast concrete structure such as precast column-to-foundation connections can be

restored after a seismic event by means of a simple and economical repair method.
2. Description and testing of the original column-to-foundation connection specimens
2.1. Original specimens

Four 260x260 mm square x 2000 mm long precast columns (Figure 1) were previously tested under
cyclic loading [13] (first test stage hereinafter) connected to the 830x760x660 mm foundation
element which was connected to a test frame by a 470-mm-long metal element. The whole assembly
was pinned-pinned, and the total specimen length was 3300 mm. The behaviour of smooth pocket
(SP) and protruding bars (PB) was studied. With the SP connection, the column was embedded in
the foundation for 520 mm. To generate the hole in the foundation, a smooth metal pyramid-shaped
formwork providing 100 mm of tolerance in each direction was used to insert the column in the
connection. This space was filled with expansive mortar once the precast column had been placed
and levelled. In the PB connection, longitudinal bars were anchored inside a mortar-filled 65-mm
diameter sheath with a 700-mm anchorage length. An epoxy adhesive was applied to ensure contact
between the upper face of the foundation and the column base. The steel and Ni-Ti SMA
reinforcement arrangement is shown in Figure 1.

A relative normal force (v =N/(b - h - f,) (where N is the applied axial load, b is the cross-section
width, and f_ is the average concrete compressive strength of the column) of 0.20 was applied in all

the tests.
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Figure 1: Dimensions and reinforcement of the test specimen (unit: mm): (a) dimensions; (b) smooth pocket;
(c) protruding bars; (d) cross-section details

Table 1 details the four specimens in the first stage of the test, where b and h are the dimensions of
the cross section, A, is the shear slenderness, s; is the stirrup separation and v is the relative axial
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load. Designation of the as-built specimens was by using Zx-YYVO02 (“X” indicates specimen number
and “YY” the connection type, PB for protruding bars and SP for smooth pocket) and V02 the relative
axial load (in this case the value for all specimens was 0.2). Two specimens were tested per

connection type to analyse the dispersion of the experimental results.

Table 1: Details of the as-built test specimens (first stage).

Age at testing (since

b h s Connection Axial load
Spelc?men t“fvg’;eb"jﬁ;fg;@’:” (mm) (mm) (mrtn) type (kN)
Z1-PBVO02 33 260 260 7.69 100 Protruding bars 1627.81 0.20
Z2-PBV02 27 260 260 7.69 100 Protruding bars 1710.28 0.20
Z3-SPV02 28 260 260 7.69 100 Smooth pocket 1646.74  0.20
Z4-SPV02 30 260 260 7.69 100 Smooth pocket 1644.03 0.20
2.2. Materials

Table 2 indicates the average compressive strength of the grout mortar according to UNE-EN 12390-
3:2020 [44] used in the column/ foundation connection. In this case four concrete cubes (100 mm
side) were taken. The materials were characterised on the same day as the as-built specimen was
tested (first test stage). The properties of the materials employed in the foundation, precast columns
and the characterization of the mortar grout are depicted in Table 2, where f; is the average concrete
compressive or mortar strength, E. is the concrete or mortar modulus of elasticity, f;op is the limit of

proportionality in the flexural tensile strength test and f; ; are the residual tensile strengths that

corresponded to the Crack Mouth Opening Displacement (CMOD) of 0.5, 1.5 and 2.5 mm [45].

Table 2: Mechanical properties of the as-built test specimen concretes.

Foundation Column Mortar
grout

Id
Specimen fe E, fe E frop fr1 fre frs fe ()

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Z1-PBV02 70.35 41746 120.4 42256 14.03 23.12 22.03 19.25 53.02
Z2-PBV02 4851 39785 126.5 46519 10.15 17.71 16.87 13.82 52.56
Z3-SPV02 67.09 39675 121.8 42506 14.19 25.01 26.98 22.79 51.92
Z4-SPV02 61.03 39560 121.6 42324 1225 21.34 2146 1833 52.04

(*) Concrete cube 100x100x100 mm

The steel was B 500 SD (EHE-08 [46]) and C class (EC-2 [47]).
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Figure 2 shows the stress-strain curve of the characterisation of steel reinforcements according to
UNE-EN 10002:1:2002 [48]. In this figure, f,, &, fsn, Esn, fu, & @nd Es, are the yield strength of the
reinforcement, reinforcement strain at yield strength, stress at which the hardening branch begins,
strain associated with f;;, reinforcement tensile strength, strain associated with tensile strength and
the modulus of elasticity, respectively. The shown values are the average of two characterisation

tests on each bar diameter.

The Ni-Ti SMA bars were 16 mm in diameter with a polished surface. The four transformation
temperatures were determined by differential scanning calorimetry (DSC) (4; and Af for the
beginning and end of austenitic transformation, M; and M, for the beginning and end of martensitic
transformation) according to Standard ASTM F2004-05 (2010) [49]: My = -53.74°C, M = -28.47°C,

Ag =-27.99°C and A = -5.34°C.

Figure 2 depicts the stress-strain curve of the tensile Ni-Ti SMA bars. The austenitic modulus E,
equalled 66586.41 MPa, martensitic modulus E,, was 2892 MPa, martensitic transformation initial
stress f, was 464.20 MPa for a strain ¢4 of 7.1%o, and the martensitic transformation end stress f},

was 650.50 MPa for a strain &, of 71.3%o. The test room temperature was set at 20-25°C.
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Figure 2. Mechanical properties of reinforcements: (a) steel reinforcements, (b) SMA
reinforcements.
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3. Experimental programme of the repaired specimens.
3.1. Repairing the damaged specimens.

After the first test stage the damaged concrete was removed, cracks were filled with an epoxy resin,
an ultrahigh-performance repair mortar was used to rebuild the cross-section and the columns were
strengthened with two or three layers of CFRP wrapping. The specimens were tested in a second
stage with the same reduced axial load as the as-built specimens (v = 0.20). Table 3 shows the
details of the four repaired specimens included in the experimental programme along with the
identifier of the as-built specimen. The repaired specimens were designated ZxR-YYV02-nL, where

[Tl]

X" indicates the specimen number, “YY” the connection type (PB for protruding bars and SP for

smooth pocket) and “n” the number of CFRP layers.

Table 3: Details of the repaired test specimens (second test stage).

Age at testing Repair mortar

Id repaired  Id as-built CFRP (since the 'IAE)XAZI Age at
specimen  specimen layers precast column (kN) v testing femortar  Ecmortar
was built), days (days) (MPa)  (MPa)
Z1R-PBV02-2L Z1-PBV02 2-layer CFRP 111 1627.81 0.20 28 111.00 44525
Z2R-PBV02-3L Z2-PBV02 3-layer CFRP 100 1710.28 0.20 28 126.50 45530
Z3R-SPV02-2L Z3-SPV02 2-layer CFRP 110 1646.74 0.20 28 126.50 45530
ZAR-SPV02-3L Z4-SPV02 3-layer CFRP 120 1644.03 0.20 28 126.50 45530

Figure 3 depicts the critical zone of the four specimens after removing damaged concrete. As can
be seen, the damage in the critical zone depended on the type of connection with the foundation.
The specimens with a PB connection (Z1R-PBV02 and Z2R-PBV02) had further reduced damage,
which was concentrated at the column/foundation joint at a distance of between 50 and 100 mm
(Figure 3.a and b). However, the section at the interface between the column and the foundation
remained undamaged in the specimens connected by an SP type connection (Z3R-SPV02 and Z4R-
SPV02). The most seriously damaged area was around the main crack in the column, with damage

reaching up to 200 mm from the top of the foundation (Figure 3.c and d).
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Figure 3: Column damage: (a) specimen Z1R-PBV02-2L; (b) specimen Z2R-PBV02-3L; (c) specimen Z3R-
SPV2-2L; (d) specimen Z4R-SPV02-3L.

After removing the damaged concrete, both the joint between the column and the foundation in the
specimens with a PB bar connection (Z1R-PBV02-2L and Z2R-PBV02-3L) and the main crack in the
column in the specimens with a SP-type connection (Z3R-SPV02-2L and Z4R-SPV02-3L) were
sealed with high-strength and low-viscosity epoxy resin (Sikadur®-52). The manufacturer’'s
mechanical properties were as follows: elasticity modulus 1800 MPa, compressive strength 52 MPa,

tensile strength 37 MPa and flexural tensile strength 61 MPa (Figure 4.a and b).

The damaged area was then repaired with ultrahigh-performance repair mortar (Figure 4.c) with a
similar elasticity modulus to that of the UHPC concrete to ensure strain compatibility between the
mortar and the existing UHPC. The mortar dose was: 1000 kg/m? of Portland Cement type CEM |
42.5 R, 310 kg/m? of sand 0/4, 575 kg/m? of sand 0/8, 150 kg/m? of silica fume, 170 kg/m? of water
and 29 kg/m? of fluidiser (Sika Viscocrete®-20 HE). Table 3 shows the results of the average
compressive strength (f¢mortary @nd the modulus of elasticity (E¢ mortar) Of the mortar, according to
UNE-EN 12390-3:2020 [44] and UNE-EN 12390-13:2014 [52]. Three cylinders (300 mm high, 150

mm diameter) were taken from each specimen.

11
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Figure 4. Repairing specimen Z2R-PBV02: (a) pouring resin; (b) sealed column-to-foundation joint; (c)
casting the repair mortar; (d) state of repair after rounding corners; (e) carbon fibre placement; (f) final state
after repair.

The corners of the columns were rounded off to a radius of 20 mm (Figure 4.d) to provide effective
CFRP wrapping confinement. Al-Saloum [53] found that the confinement effectiveness of this
wrapping in a rectangular column decreased as a result of the stresses concentrated in the corners
of the cross-section and broke the CFRP. The sheets were wrapped with an application length of
300 mm from the column/foundation interface (Figure 5).

A repair system that combined epoxy resin adhesive (Sikadur®-330) with a unidirectional carbon
fibre fabric (SikaWrap®-230C) was then applied. The fibres were oriented transversely to the
specimen axis to improve concrete confinement. The mechanical properties were provided by the
manufacturer: laminate tensile strength of CFRP sheets 3500 MPa, laminate tensile elasticity
modulus 225 GPa, thickness of 0.129 mm and laminate elongation at break in tension 1.56%. Figure

4.e and f show the placing of the CFRP sheets and the final state of repair.

12
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Figure 5: Dimensions of repaired test specimen (unit: mm).

3.2. Test setup, instrumentation and test procedure.

The repaired specimens were tested in a second stage under lateral reversed cyclic loading and
constant axial load in a custom-made steel-loading frame, as shown in Figure 6.a. As in the first
stage, the test room temperature was set at 17-18°C, as were the loads applied to the repaired
specimens. A horizontal load equal to the relative normal force was first applied and remained
constant throughout the test by means of a 2500 kN hydraulic actuator (Figure 6.b). The lateral load
was then applied with displacement control at a constant velocity of 0.2+0.05 mm/min by means of
a 500 kN double-effect hydraulic jack (Figure 6.c). The test sequence of the displacement-controlled
cycles is expressed in terms of drift ratio (A/Ly). Three complete cycles were applied for each drift
ratio (0.5, 0.75,1, 1.5 ,2, 2.5, 3 etc) , as defined in ACI 374.1[54], FEMA-356 [55] and P-750-FEMA
[56]. The drift ratio A/L, is obtained by dividing the A displacement at the end of the column in each
direction by the length of column L. The earthquake effect was simulated by applying this quasi-
static lateral load in incremental displacement cycles [57]. Figure 7 shows the calculation of the A

displacement at the end of the column.

The instrumentation on the specimens is shown in Figure 8. These included twenty-seven linear
variable differential transformers (LVDTSs). Devices 1-11 recorded the lateral displacement (Figure
8.a). The foundation rotation was obtained by devices 10 and 11. Devices 11-23 (Figure 8.b) were
designed to indirectly record the average bending curvature at six sections from the
column/foundation interface. In the specimens with a protruding bar type connection, four LVDTs

(devices 24-27) recorded possible joint displacements (Figure 8.c).

13
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Figure 8: LVDT arrangement (unit: mm): (a) Vertical LVDTs in the connection; (b) Horizontal LVDTSs in the
connection; (¢) LVDTs in the joint of the specimens with a protruding bar type connection.

3.3. Test observations of the repaired specimens.

Figure 9 depicts the behaviour of the specimens for a drift ratio (A/L,) of approximately 5%, where
the shear force (V) was practically zero and there was at least a 20% lateral load (V') loss (Figure
7). Figure 10 depicts column damage at the end of the tests after removing the CFRP sheets. The

following general observations were made:
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1. The effectiveness of the confinement provided by the repair by CFRP wrapping in the four tested
specimens prevented cover spalling of the repair mortar and the confinement prevented the Ni-Ti
compressed bars from buckling. There was neither local failure in the bond zone between concrete
and the CFRP wrapping (debonding) nor did the layers separate in the laminate due to adhesive

failure (delamination).

(c) Z3R-SPV02-2L (A/Ls=5%) (d) Z4R-SPV02-3L (A/Ls=5%)
Figure 9: Repaired specimen appearance at ultimate (second test stage).

2. As found in the first test stage, rocking behaviour took place in the joint between the column and
the foundation in the specimens with the PB connection type (Z1R-PBV02-2L and Z2R-PBV02-3L)
(Figure 9.a and b) due to loss of adhesion between the Ni-Ti SMA bars and UHPC because the
tensile strain required by the gap opening was not concentrated on the joint but was distributed along
the entire length of the Ni-Ti SMA bars. The confinement provided by the CFRP wrapping allowed
both the UHPC and high-strength mortar to achieve high strains without crushing (Figure 10.a and
b). No broken CFRP wrapping was detected in the repaired area. In the Z1R-PBV02-2L specimen
bulging occurred at the end of the test on one specimen lateral face at a distance of 100 mm from
the joint. As at the end of test of specimen Z2R-PBV02-3L, there was slight noise due to breakage

of the epoxy resin of the CFRP wrapping transversely to the specimen axis. In these specimens,
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both the super-elastic Ni-Ti SMA bars and the slight damage to both UHPC and mortar confined by

the CFRP wrapping reduced residual deformation.

Figure 10: Column damage at the end of the second stage after removing the CFRP sheets.

3. Continuous sounds were heard from the epoxy resin transversal breakage in the specimens with
an SP connection (Z3R-SPV02-2L and Z4R-SPV02-3L). This failure produced a visible bending
crack in the column in a critical section approximately 60-70 mm from the column/foundation
interface in approximately the same position of the main crack in the as-built specimens. The crack
opening in specimen Z3R-SPV02-2L was wider than in specimen Z3R-SPV02-3L (Figure 9.c and d).
Once the crack had formed, rocking behaviour occurred at the critical section as in the as-built
specimens (first test stage). In the final stage of specimen Z3R-SPV02-2L, a crack appeared in the
lower column 15 mm from the interface, also a bulge 15 mm from the interface on the upper column
and 175 mm from the interface on the bottom and sides. This allowed the cracks in the section to
widen under the CFRP because of the lack of confinement. Similarly, in the final stage of specimen
ZAR-SPV02-3L bulging occurred on the sides 100 mm and 200 mm away from the
column/foundation interface. The specimen with two CFRP wrapping layers (Z3R-SPV02-2L)
obtained greater damage than the repair with three CFRP wrapping layers (Z4R-SPV02-3L), which

led to greater confinement loss in specimen Z3R-SPV02-2L and led to more marked concrete
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crushing (Figure 10.c and d). The limited damage to concrete and mortar together with the super-

elastic Ni-Ti SMA bars meant the minimum residual deformations in the specimens.

4. The SP connection specimens underwent more damage than the PB ones for the following
reasons: (1) the main bending crack appeared in the critical zone of the SP connection; (2) the
breakage of the epoxy resin near the bending crack in the SP connection reduced the confinement
of the CFRP wrapping; (3) for high drift ratios, the bulging of the CFRP wrapping made wider cracks
in the SP connection; (4) deformation capacity was concentrated at the column-foundation joint in
the PB connection (rocking behaviour), which reduced the damage and prevented cracking. This
rocking was due to: (1) adequate CFRP confinement of both the concrete and the repair mortar; (2)
the deformation capacity of the polished Ni-Ti SMA bars; (3) the bond loss between the UHPC and

Ni-Ti SMA bars.

5. The critical section in the specimens with a PB connection (Z1R-PBV02-2L and Z2R-PBV02-3L)
was thus at the joint of the column with the foundation; i.e. ¢ = 0 (Figure 7). In SP-connected
specimens, the critical section moved from the spot where the column and the foundation met to a
distance of ¢ = 70 mm (position of the main crack on the column), as in the as-built specimens (first

test stage).
4. Results and Discussion.
4.1. Test results.

As Liu (2013) [58] stated, when lateral deflection A and applied axial load N are large, the difference
between the lateral shear force (V) and the applied lateral load (V') can be significant (Figure 7). All
the figures of these Sections represent the vertical shear force (V).

Figure 11 shows the experimental results for the shear force V-Drift ratio of the as-built specimens
(first test stage) compared to the repaired specimens (second test stage). The maximum shear force
in all the specimens, was reached accompanied by a descending post-peak branch. Figure 12
provides the experimental results of the total bending moment-average curvature at the critical
section of both the as-built and repaired specimens. This moment was obtained as the sum of a

primary moment caused by the applied lateral cyclic load (V') and a secondary moment caused by
18
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the applied axial load N. The critical section in the specimens with a PB connection was at the joint

between the column and the foundation, where the moment was longest, the critical section was

displaced t0 a distance of ¢ = 70 mm from the foundation in the SP specimens, as indicated by the

most seriously damaged region (Figure 7). The average curvature was obtained from the readings

of LVDTs 12 and 13 (Figure

8).
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Figure 11: Comparison of experimental shear force — drift ratio curves between the as-built and the repaired
specimens: (a) specimens Z1; (b) specimens Z2; (c) specimens Z3; (d) specimens Z4.
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6  Table 4 summarises the main experimental results.
7 Table 4: Summary of the experimental results.
: Vmax Vmux Ayl Au Mmax Mmax (pyl Py Esum KO
ld o Specimen Ny Bih-f (mm) (mm) P (kN) boR2-f  (10°radim) (10°radim) Mo gMm)  EY o (knim)
1 Z1-PBV02[13]  66.49 0.0082 14.92 51.49 3.45 203.08 0.096 58.35 407.57 6.98 2791 1431 4515.25
2 Z2-PBV02[13] 7219 0.0084 18.08 60.98 3.37 22844  0.103 93.41 747.90 8.01 26.98 10.14 4537.94
3 Z3-SPV02[13]  78.03 0.0095 20.36 49.64 2.44 22355 0.104 47.14 364.36 7.73 2582 10.91 4594.97
4 74-SPV02[13]  79.83 0.0097 20.08 52.36 2.61 21574 0.101 56.94 299.00 525 2328 11.42 4208.88
5 ZIR-PBV02-2L  65.69 0.0081 17.18 62.77 3.65 21856  0.103 80.09 382.24 477 32.08 1528 4101.02
6 Z2R-PBV02-3L  61.96 0.0072 15.94 59.08 3.71 214.68 0.097 25.67 160.46 6.25 3875 19.18 4089.02
7 Z3R-SPV02-2L  61.50 0.0075 1555 54.86 3.53 194.30  0.091 43.89 426.33 9.71 4486 27.96 3461.04
8 Z4R-SPV02-3L  65.48 0.0080 13.91 50.83 3.66 187.74 0.088 17.71 236.29  13.34 35.40 23.60 3496.00
8
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4.2. Strength capacity.

Table 4 shows the relative maximum shear force V,,,,./(f. - b - h) and relative maximum bending
moment in the critical section M,,,,/(f. - b - h?) reached in each test, where f, is the compressive
strength of the UHPC precast column. In both cases, the self-weight effects were considered for
calculating the bending moment and shear force. Second-order effects were also considered in
calculating the bending moment. As expected, strength capacity V,,../(f; - b - h) was greater in the
SP specimens (Z3-SPV02 and Z4-SPV02) because the joint between the column and the foundation
had flexural tensile strength capacity, unlike the PB connection (Z1-PBV02 and Z2-PBV02). The
maximum moment reached M,,,.../(f, - b - h?) in the four specimens was similar because the flexural
tensile strength capacity in the critical section was non-existent in the PB connections or was lower

in SP specimens as the crack in the critical section widened.

In the repaired specimens (second test stage) the relative maximum shear force was similar in the
four specimens (Figure 11), although the average behaviour of the SP specimens was slightly better.
For the relative maximum bending moment (Figure 12), strength was greater in the PB specimens
(ZR1-PBV02-2L and Z2R-PBV02-3L) due to less damage in the joint section than in the critical
section of specimens ZR3-SPV02-2L and Z4R-SPV02-3L. No significant differences were found
between the repairs with two or three CFRP layers. The failure mode of all specimens was due to
instability as when they reached the maximum lateral load, the bearing bending moment continued
to increase (specimens Z1R-PBV02-2L and Z2R-PBV02-3L) or the moment was constant

(specimens Z3R-SPV02-2L and Z4R-SPV02-3L).

Comparing the strength capacity of the as-built specimens and repaired specimens, the relative
maximum shear force V},,.../(f. - b - h) did not recover after repair. A reduction of between 1.2% and
21.2% was found according to the damage involved. Reduction was greater in the SP specimens.
The repair in column Z1-PBVO02 increased its flexural strength M,,,,./(f. - b - h?) by 7.7% because it
had the least damage in the first stage test. In the other elements the bearing moment reduced by
between 6% and 13%. The greatest reduction took place in the SP columns because they underwent

more damage in the first stage.
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4.3. Failure modes.

All the repaired specimens underwent instability failure. The bearing moment of the critical section
remained constant (plastic moment) after the specimen reached the maximum lateral load (Z3R-
SPV02-2L and Z4R-SPV02-3L, see Figure 12.c and d) or the moment even continued to increase
(Z1R-PBV02-2L and Z2R-PBV02-3L, see Figure 12.a and b) indicating instability failure. In other
words, the P-delta effect caused the second order moments to be large in the critical section to the
point where they exceeded the section’s plastic moment, so that the cyclic lateral load necessarily
decreased. This also occurred in as-built PB specimens (Figure 12.a and b). However, these
specimens reached the peak lateral load (Figure 11.c and d) when the critical section reached the
peak moment (Figure 12.c and d), indicating material failure mode, specifically in the concrete. The
repair thus changed the failure modes of specimens Z3R-SPV2-2L and Z4R-SPV02-3L from material
failure to instability failure. The reason for this behaviour was that the bending cracking in the critical
section was already present in the repaired SP connection specimens, so that the bending strength

decreased and the moment remained plastic since the peak moment was reached.
4.4. Deformation capacity.

Figure 13 shows the idealisation of the actual envelope diagram [59,60] shear force-tip displacement
(V — A) or moment-curvature (M — ) in a bilinear diagram made up of an elastic branch and a
decreasing inelastic branch. The bilinear diagram can calculate the ultimate displacement ductility

tay = Ay /Ay, Where 4, is the ultimate displacement of the column at 0.80 of the maximum load on
the descending branch, and 4,, is the effective elastic displacement. The ultimate curvature ductility

ISt g = gou/goyl, where ¢, is the ultimate curvature of the section at 0.80 of the maximum moment

on the descending branch, and Py is the effective elastic curvature.

22



10

11

12

13

14

15

16

17

18

19

20

21

“Shear force \ Moment

\% M
JSl
Vinad - Ideall‘s/ed diagram Mmax [-4-- Ideall‘s/ed diagram
0.80-Vmax \ 0.80-Mmax
0.75-Vmax[ 111 _ G | 0.75-Mma| 1 "7

Envelope curve
(average of
both directions)

Jsiy

Ayi Au Oyl Qu
Tip displacement, A Curvature, ¢

@) (b)

Envelope curve
(average of
both directions)

Figure 13: Ideal curve definitions [12].

Table 4 shows the ductility of each specimen. Except for Z3-SPV02 and Z4-SPV02, whose
displacement ductility u,, came close to 3 (high ductility according to NCSE-02 [61]), the
displacement ductility of the other specimens was between high (14, = 3) and very high (ua, = 4).
It should be noted that the repaired specimens displayed greater displacement ductility u,,. The
reason for this lies in the first test stage, because the joint between the column and the foundation
opened, as found in the PB specimens (as-built or repaired), or because a crack opened in the critical
zone in specimens. In Z1 and Z2, the mean ductility of the two as-built specimens was 3.41, while it
was 3.68 in the repaired specimens, i.e. the repair recovered the original specimen’s displacement
ductility. The reason for this is that the strength of the epoxy resin between the column and the
foundation was overcome in the first test stage, so that rocking behaviour occurred from the start.
The strength capacity was thus slightly less in the repaired PB specimens, but ductility was slightly
higher. In Z3 and Z4 (SP connection), the mean ductility of the two as-built specimens was 2.52, and
that of the two repaired specimens was 3.60, as in Z1 and Z2. In the latter ductility improved because
a crack in the critical section appeared in the first stage tests. This previous crack in Z3 and Z4

specimens behaved like the column-foundation joint of Z1 and Z2.

In the as-built SP specimen (Z3-SPV02 and Z4-SPV02) the flexural tensile strength of the critical
section increased the strength capacity, but the degradation of this flexural tensile strength resulted

in less ductility than in PB specimens. The repaired SP specimens (Z3-SPV02-2L and Z4-SPV02-
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3L) had no flexural tensile strength in the critical section because of the previous cracking, so that

strength was less although ductility was higher than the as-built specimens.

The displacement ductility in the specimens repaired with three CFRP wrapping layers was slightly
greater than in the 2-layer specimens: 1.6% for PB and 3.7% for SP specimens. This behaviour was
due to the larger number of reinforcement layers increasing the confinement in the critical zone,

delayed the zone degradation and improving displacement ductility.

The repaired SP specimens had greater curvature ductility (u,,) (Table 4) than the as-built

specimens. However, no conclusions were reached as to the PB specimens because the maximum
bending moment value and 20% flexural capacity loss (descending branch) were not reached on the
moment-curvature curve (Figure 12). The curvature ductility shown in Table 4 is thus a lower bound.
Most specimens reached a higher curvature ductility value than expected if the conservative

expression had been used that related both ductility values (ug,, = 2, — 1) from EC-8 [62], except

for Z1R-PB02-2L. The 3-layer specimens had greater curvature ductility than the 2..
4.5. Energy dissipation.
The energy dissipation of each j-cycle of the it drift ratio hysteretic loop is defined as (Figure 14):
El = ¢ vda 1)
Total dissipated energy during the test can be expressed as:
Egum = S M 272 E] @)

where Eg,,,, IS cumulate dissipated energy; m, the number of the drift ratio until the specimen loses
20% shear force, which is approximately a target drift of 3% and m,, is the number of cycles for each
drift ratio. To compare the elements’ dissipated energy normalised dissipated energy Ey, is calculated

as [63]:
Ey =3 577 [E! /(v/a])] 3)

o= (a4 /2, v, = (v + D)2 @
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where A{+ and A{_ are the maximum displacements in the j cycle in the it" drift ratio in the pull and

the push direction, respectively; Vij *and Vij ~ are the shear forces of A{ * and A{ ", respectively.

Envelope curve
'd

Shear force, V K1i+

Figure 14: Energy dissipation [12].

Table 4 offers the results of the total dissipated energy and normalised energy of all the specimens.
A similar amount of energy was dissipated in the as-built specimens for both connection types. More
energy was dissipated in the repaired specimens than in the as-built specimens. The confined CFRP
repair zone allowed more energy to be dissipated than in the as-built specimens. In this zone the
degraded repair mortar and the CFRP wrapping prevented mortar spalling and allowed high strains
to be reached. In the repaired SP specimens, an average increase of 131.5% of dissipated energy
was observed, compared to the as-built specimens. In case of PB specimens, the average increase
was 48.0%. When comparing SP and PB repaired specimens, more energy was dissipated by SP
specimens (53% in average) because the repaired area in specimens Z3 and Z4 had a larger surface
than in specimens Z1 and Z2. No significant differences were found in the repaired specimens by

the number of CFRP layers.
4.6. Stiffness degradation.

The column stiffness (K;) in the it" drift ratio is defined as [63]:

K =375V [2]%5 4] (5)
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where K; is the mean secant stiffness at the it drift ratio; A{ and Vl.j are defined in Equation (4). To
compare the results, normalised column stiffness 7y, is calculated by dividing by the stiffness for a

drift ratio of 0.5% (K,) at which the columns maintain an elastic behaviour.
Nk, = K;/K, (6)

Table 4 shows the results of K,. The mean stiffness K, value equal to 4,464.26 kN/m in the as-built
specimens. The K, values were similar for each connection type (4526.6 kN/m for PB and 4401.93

kN/m for SP).

Stiffness K, was significantly reduced in the repaired specimens due to the damage caused during
the tests on the as-built specimens (first test stage). The mean K, value in the repaired PB
specimens was 4,095.02 kN/m (decrease of 9.5%), while it was 3,478.52 kN/m in the repaired SP
specimens (decrease of 21%). More damage was noted in the critical section of SP specimens,
which thus had the greatest reduction in stiffness K. This means that the proposed repair could not

restore the specimen to its original Kj.

Figure 15 describes the normalized column stiffness 7y, of all the samples according to the drift ratio.

Before maximum shear force V},,,, was reached the PB specimens (Z1 and Z2) generally had lower
relative stiffness. As the drift ratio increased, the bending moment of the critical section also
increased in all the samples for the same axial load and the depth of the neutral axis decreased,
which required greater curvature. The larger curvature in PB specimens meant that the normalised
stiffness ng, was significantly reduced because there was no flexural tensile strength in the critical
section of these specimens, unlike the SP (Z3 and Z4), which had flexural tensile stiffness in the
critical section thanks to the steel fibres. However, this trend was reversed for drift ratios after the
maximum shear force V,,,, was reached because the critical section of the SP specimens degraded.
There were no significant differences for either the as-built or repaired specimens, or between the

specimens repaired with two or three CFRP layers.
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Figure 15: Comparison of the stiffness degradation between the as-built and the repaired specimens: (a)
specimens Z1; (b) specimens Z2; (c) specimens Z3; (d) specimens Z4.

4.7. Residual drift ratio.

The mean residual drift ratio (D,;) of the column in the i" drift ratio is defined as:

Dr; = (|D;| + |Dri])/2 (7)
D}y = %72 Dfyi/my; Dy = X572 Dryi/my (8)

where Df; and D, ; are the average value of the residual drift ratio in the i drift ratio in the pull and

the push direction, respectively; D*.. and Dy ; are the residual drift ratio of the j*" cycle at the i drift

r,ij

ratio in the pull and the push direction, respectively; m, is the number of cycles of each it drift ratio.
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The mean residual drift ratio was analysed until the specimen displayed 20% shear force loss, which

was approximately a 3% target drift.

Figure 16 shows the mean residual drift ratio of the column in the it drift ratio for all the specimens
up to a drift ratio of between 3% and 4%. As we can see, in the as-built specimens the mean residual
drift ratio values went below 0.5% for drift ratios below 2.5%. Up to this drift ratio, no significant
differences had appeared between the different connections of the column with the foundation. In
general, the mean residual drift ratio of the repaired specimens was higher than that of the as-built
specimens due to the damage during the as-built specimens tests (first test stage). The mean
residual drift ratio in the repaired specimens was less than 0.5% for drift ratios lower than 2.5% in
the PB connection and for drift ratios lower than 1.5% in the SP connection, and was significantly
lower in the PB specimens and about half that of the SP specimens for a 3% drift ratio. The lowest
mean residual drift ratio was related to the lowest degradation of the critical section on the joint in
the PB specimens (Z1 and Z2) compared to the damage noted in the critical section in the SP

specimens (Z3 and Z4); see Figure 10.

The reduced residual deformations in the column resulted in the structure having a self-centring
capacity. This behaviour was because the damage in UHPC was slight due to the super-elastic Ni-

Ti SMA bars and the behaviour of CFRP wrapping.
4.8. Gap opening displacement in the joint between the column and foundation.

In all the PB specimens (Z1 and Z2), four LVDTs (devices 24-27) recorded possible joint
displacement (Figure 8.b). Figure 17 gives an example of the displacements in specimen Z2, as-
built and repaired the LVDTs for the different drift ratios (A/Lg). This figure has a linear interpolation
for each drift ratio which gave sufficient approximation (R? =~ 1) to represent the strain plane. Rocking
movement of the joint can be seen in the pull and push direction of the lateral load, with a large gap
opening of > 6 mm in some cases. As expected, the compressive zone depth decreased as target
drift increased. The changes in the neutral axis depth through this gap opening and the development
of non-linear-inelastic compressive concrete behaviour caused moment-rotation connection
behaviour without causing any significant damage or strength degradation. This was caused
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because: (1) the bond loss of the Ni-Ti SMA bars that distributed the strain along the entire rebar;
and (2) their highly ductile behaviour; (3) the use of high-fiore UHPC and high-performance repair

mortar confined by CFRP wrapping.
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Figure 16: Comparison of the residual drift ratio between the as-built and the repaired specimens: (a)
specimens Z1; (b) specimens Z2; (c) specimens Z3; (d) specimens Z4.

If the lateral load was zero, the joint remained compressed due to the recovery of the Ni-Ti bars
(super-elasticity) and also because the concrete or repair mortar did not show any significant
degradation in the joint. The high steel-fibre content in the UHPC and the high-performance confined

repair mortar helped to achieve a significant compressive strain.
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Figure 17: Gap opening displacement in the joint between the column and the foundation (specimen Z2).

5. Conclusions.

1. The repair with CFRP wrapping prevented the cover spalling of the repair mortar and confined
both UHPC and the high-performance mortar, which allowed a significant compressive strain to be

achieved. In the second test stage no local failure of the CFRP wrapping occurred.

2. In the specimens repaired with a PB connection, rocking behaviour occurred at the
column/foundation joint due to: (1) the CFRP confinement allowed the UHPC and high-strength
mortar to achieve significant compressive strains without concrete crushing; (2) the adequate tensile
and compressive behaviour of the Ni-Ti SMA bars; (3) the reduced bond between the Ni-Ti SMA
bars and UHPC, which enabled a significant tensile strain which did not concentrate in the joint. In
these specimens repair did not restore strength capacity V},,.../(f: - b - h). The average reduction was

8%, but displacement ductility u,, rose by 8%. Due to the damage in these specimens in the first

30



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

test stage, dissipated energy E, was higher and initial stiffness K, was lower in the second test

stage.

3. The behaviour of the repaired SP specimens was conditioned by the main crack in the first test
stage, where damage was concentrated. Although the specimens were repaired, there was a visible
bending crack in the CFRP wrapping. In these specimens the critical section of the column with the
bending crack displayed rocking behaviour. The adequate CFRP confinement allowed the UHPC
and repair mortar to achieve significant compressive strains. In these specimens more damage
appeared in the critical zone than in the repaired PB specimens due to CFRP bulging. The repair to
these specimens did not restore their strength V,,../(f. - b - h), with an average 19% reduction due
to the degraded flexural tensile strength in the critical section in the first test stage. However,
displacement ductility p,, improved by an average of 42% due to the prior crack, which allowed
moment-rotation behaviour without increasing damage. Dissipated energy Ey rose but initial stiffness

K, was lower in the second test stage because of the damage in the first test stage.

4. The mean residual drift ratio of the repaired specimens was higher because of the prior damage
caused in the as-built specimen tests, so that the mean residual drift ratio in the repaired specimens
was less than 0.5% for drift ratios below 2.5% for a PB connection and 1.5% for an SP connection.
The lower mean residual drift ratio was related to the lesser degree of degradation of the critical

section in the as-built specimens.

5. There were no significant differences between the 2 and 3 repair layers in relation to strength
capacity, energy dissipation or Ey, or the initial stiffness K, value. However, the 3-layer specimens
showed greater displacement and curvature as the damage in the critical zone decreased with the

number of CFRP wrapping layers.

As a future research work, an optimization in the design would be proposed where the length of the
SMA bars would be minimized. The optimization would also include different concrete types in the
same column. UHPC would be employed where the plastic hinge was formed and the rest of the

column would be made of another less expensive concrete. The mechanical properties of this
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secondary concrete should be analyzed to assure the failure is not produced in this concrete, but in

UHPC and SMA zone.
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