Acta Polytechnica 62(2):248-261, 2022
https://doi.org/10.14311/AP.2022.62.0248

EFFECT OF PIGMENTS ON BOND STRENGTH BETWEEN
COLOURED CONCRETE AND STEEL REINFORCEMENT

JOSEPH J. ASSAAD*, MATTHEW MATTA, JAD SAADE
9 )

University of Balamand, Department of Civil and Environmental Engineering, Balamand, PO Box 100, Al
Kourah, Lebanon

corresponding author: joseph.assaad@balamand.edu.lb

ABSTRACT. The effect of pigments on mechanical properties of coloured concrete intended for structural
applications, including the bond stress-slip behaviour to embedded steel bars, is not well understood.
Series of concrete mixtures containing different types and concentrations of iron oxide (red and grey
colour), carbon black, and titanium dioxide (TiO2) pigments are investigated in this study. Regardless
of the colour, mixtures incorporating increased pigment additions exhibited higher compressive and
splitting tensile strengths. This was attributed to the micro-filler effect that enhances the packing
density of the cementitious matrix and leads to a denser microstructure. Also, the bond to steel bars
increased with the pigment additions, revealing their beneficial role for improving the development of
bond stresses in reinforced concrete members. The highest increase in bond strength was recorded for
mixtures containing TiO5, which was ascribed to formation of nucleus sites that promote hydration
reactions and strengthen the interfacial concrete-steel transition zone. The experimental data were
compared to design bond strengths proposed by ACI 318-19, European Code EC2, and CEB-FIP Model
Code.
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1. INTRODUCTION

Pigments including iron oxide (I0), carbon black (CB),
and titanium dioxide (TiO2) are finely ground parti-
cles for integral colouring of concrete and cementitious
materials intended for architectural applications [IH3].
Often manufactured as per ASTM C979 [3] specifi-
cation, the pigments are bound onto the surface of
cement grains, thus altering the colour characteristics
by absorbing certain wavelengths of the visible light
and reflecting others. The IOs are synthetic colourants
manufactured to display a variety of colours (i.e., red,
grey, yellow, etc.), thus infusing the concrete with
their shades [4, [5]. These pigments are stable in the
high-alkaline Portland cement environment, confer-
ring proper colour fastness to sunlight exposure and
resistance to weathering effects. The CB is an eco-
nomical black colourant with high tinting strength
produced from petroleum and charring organic materi-
als [IL [6]. Compared to IO, the CB generally disrupts
the air-entrainment and increases the vulnerability of
concrete to leaching when exposed to repeated wet/dry
cycles [6]. The white-coloured TiOs mostly occurs in
the natural rutile and anatase crystal forms [7], 8]; it is
normally used with white cement and other pozzolanic
materials (metakaolin) to brighten the cementitious
mixture.

Earlier studies showed that the pigment character-
istics (i.e., type, fineness, mineralogy, morphology,
solubility, etc.), additions rates, and dispersion can
drastically alter the fresh and hardened concrete prop-
erties [9HII]. For instance, it is accepted that pig-
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ments absorb part of the free mixing water because of
a significantly higher surface area (vs. cement), thus
requiring increased water demand and/or high-range
water reducer (HRWR) to achieve a given workabil-
ity [I2HI4]. Meng et al. [15] reported that the drop in
fluidity due to TiO5 can be controlled through HRWR
and slag additions. If poorly dispersed, added pig-
ments may agglomerate in the cement matrix, causing
unreacted pockets or weak zones that decrease me-
chanical properties [15}[16]. Lopez et al. [I7] suggested
using the mortar phase, while others recommended
the use of extended mixing time [I8] or water-based
colourants [19] to improve pigment dispersibility.
Despite their chemically inert nature, most stud-
ies showed that synthetic I0 and CB pigments lead
to increased strength and durability of cementitious
materials. This is generally associated to a micro-
filler effect that blocks the capillary pores and leads
to a denser microstructure [9, 20, 2I]. Yildizel et
al. [22] found that yellow and black IOs lead to in-
creased strength and resistance to water permeabil-
ity. Mortars produced using red pigments exhibited
relatively higher pore ratios, which detrimentally af-
fected freeze/thaw resistance and durability. Assaad
et al. [IT] reported that strength and bond to existing
substrates increased when red or yellow pigments are
incorporated by up to 6 % of cement mass. The cur-
tail in strength at high pigment rates (above 6 %) was
related to improper hydration reactions resulting from
the excessive amount of powders that are adsorbed
onto the cement grains. Masadeh [23] found that
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Physical properties DI e Somdness 00 )
3.15 26.5 pm 0.04% 3150 cm? /g 88.5

Chemical properties CaO SiOq Al,O3 Fe, O3 MgO
68.5 % 21.8% 4.15% 0.27% 1.18%

TABLE 1. Physical and chemical properties of white cement.

CB incorporated up to 0.5 % of cement mass reduces
the concrete chloride permeability and corrosion rates
of inserted steel bars. Inoue et al. [24] noted that
the CB treatment using aqueous solution of humic
acids helps improving the dispersibility together with
a reduced interaction with air-entraining surfactants
and superior adhesion to the cement matrix (i.e., less
leaching).

In addition to the micro-filler effect, numerous re-
searchers found that TiOs can participate in the ce-
ment hydration process, at least as nucleation sites, to
accelerate setting times and promote strength devel-
opment [I5}, 16} 25 26]. Chen et al. [27] showed that
concrete durability and resistance to water infiltra-
tion significantly improved with 3% TiO. additions,
given the conversion of greater volume of calcium
hydroxide (CH) crystals into C-S-H gels. Zhang et
al. [28] reported that TiOy acts as a filler in empty
spaces and crystallization centre of CH to refine the
concrete microstructure including its resistance to
chloride ion penetration. Folli et al. [29] speculated
that the strength improvement might be related to
alteration in packing density and nucleus orientation
around the interfacial transition zones, rather than
increased amounts of hydration products.

2. CONTEXT AND PAPER OBJECTIVES

The performance of coloured concrete in structural
members, including the extent to which the use of
pigments would alter the bond strengths to embedded
steel bars, is not well understood. Generally, the trans-
fer of stresses between the reinforcement and surround-
ing concrete is attributed to chemical adhesion and
mechanical bearing arising from the concrete surface
around the steel ribs [30, [31]. The parameters affect-
ing the bond are broadly related to the reinforcement
characteristics (i.e., yield strength of bar, size, geom-
etry, epoxy coating, cover, position in cast member,
etc.) and concrete constituents and properties (i.e.,
density, strength, workability, presence of fibres, min-
eral admixtures, etc.) [32]. The spliced or developed
lengths are computed by relevant models proposed by
various building codes; for example, ACI 318-19 [33]
considers that the development length for deformed
bars in tension members is inversely proportional to
the square root of compressive strength, multiplied by
specific factors to account for special considerations
due to the reinforcement size, lightweight concrete, top
bars, epoxy-coated bars, and contribution of confining

transverse reinforcement. Yet, limited attempts have
been made to assess the validity of existing models
and design provisions in the case of coloured concrete.

This paper is a part of a comprehensive research
project undertaken to assess the effect of pigments
on durability and mechanical properties of coloured
concrete mixtures. Two concrete series made with
350 and 450 kg/m?3 cement content and various con-
centrations of IO (red or grey colour), CB, and TiOs
pigments are investigated. Tested properties included
the compressive strength, splitting tensile strength,
modulus of elasticity, and bond stress-slip behaviour
to reinforcing steel bars. The experimental data were
compared to design bond strengths proposed by rele-
vant building codes including ACT 318-19 [33], Euro-
pean Code EC2 [34], and CEB-FIP Model Code [35].
Data reported herein can be of interest to civil engi-
neers and architects seeking the use of pigments in
coloured concrete intended for structural applications.

3. EXPERIMENTAL PROGRAM

3.1. MATERIALS

White-coloured Portland cement conforming to ASTM
C150 Type I was used in this study. Its physical and
chemical properties are listed in Table [T

The gradations of siliceous sand and crushed lime-
stone aggregate were within the ASTM C33 specifica-
tions. The specific gravity for the sand, fineness mod-
ulus, and absorption rate were 2.65, 3.1, and 0.75 %,
respectively. Those values were 2.72, 6.4, and 1%,
respectively, for the coarse aggregate, while the nomi-
nal maximum particle size was 20 mm. Naphthalene-
based HRWR was used; its specific gravity, solid con-
tent, and maximum dosage rate were 1.2, 40.5 %, and
3.5% of cement mass, respectively.

Commercially available 10 (i.e., red and grey
colour), CB, and TiOs pigments were used. As shown
in Figure|[l] the red and grey coloured IOs had almost
spherical shapes; their specific gravities were 4.64
and 4.8, respectively, while their Fe;O3 contents were
97.5% and 98.8 %, respectively. The white-coloured
TiOs is rutile-based manufactured by the chloride
process; it also possesses round shape (Figure [1)) with
a specific gravity of 4.1. The CB is produced by
combustion of aromatic petroleum oil feedstock and
consists essentially of pure carbon (i.e., > 98 %); its
specific gravity was 2.05.

The particle size gradation curves obtained by laser
diffraction for the various pigments are plotted in
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FIGURE 2. Particle size distribution curves for the cement and various pigments.

Figure 2] Generally speaking, the fineness of IO pig-
ments is pretty close to each other; the median di-
ameter (dso) computed as the size for which 50 % of
the material is finer for the grey and red IO is 4.1
and 5.3 um, respectively. The TiOs and CB were re-
markably finer, which shifted the gradation curves
towards much smaller particle sizes. The resulting dsq
dropped to 0.21 and 0.092 pm for the TiO5 and CB,
respectively.

Deformed steel bars complying to ASTM A615
No. 13 were used in this work to evaluate the effect
of pigments on bond stress-slip properties of coloured
concrete to embedded rebars. The bar nominal diam-
eter (dp), Young’s modulus, and yield strength (f,)
were 12mm, 205 GPa, and 520 MPa, respectively.
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3.2. MIXTURE PROPORTIONS

Two control concrete mixtures containing 350 (or,
450) kg/m? cement with 0.5 (or, 0.42) water-to-cement
ratio (w/c) were considered; the corresponding 28-
days f'c was 26.7 and 34.2 MPa, respectively. The
fine and coarse aggregate contents in the lean concrete
mixture were 830 and 1020 kg/m?, respectively; while
these were 790 and 925kg/m? in the higher strength
concrete mix. The resulting sand-to-total aggregate
ratio was 0.45. The HRWR dosage was either 2.6 %
or 2.35% of cement mass, respectively, in order to
secure a fixed workability corresponding to a slump
of 210 + 10 mm.

The 10, CB, and TiO5 pigments were incorporated
at three different concentrations varying from 1.5 % to
4.5 % of cement mass, at 1.5% increment rates. The
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Concrete with
cement content

350 kg/m3

Fi1cURE 3. Photo of coloured cylinders after the splitting tensile test.

mixing sequence consisted on homogenizing the fine
aggregate, coarse aggregate, and powder pigment for
3 minutes to ensure efficient dispersion of colourant
materials. The cement, water, and HRWR were then
sequentially introduced over 2 minutes. After 30 sec
rest period, the mixing resumed for 2 more minutes.
The ambient temperature and relative humidity (RH)
remained within 23 + 3°C and 55 + 5 %, respectively.

3.3. TESTING PROCEDURES

3.3.1. FRESH AND HARDENED PROPERTIES

Right after mixing, the workability and air content
were determined as per ASTM C143 and C231, respec-
tively. The concrete was cast in 100 x 200 mm cylin-
ders to determine the density, compressive strength
(f'c), and splitting tensile strength (ft) as per ASTM
C642, C39, and C496, respectively [36H38]. All speci-
mens were demoulded after 24 hours, cured in water,
and tested after 28 days. Averages of 3 values were
considered. The modulus of elasticity (F) was de-
termined through ultrasonic pulse velocity (UPV)
measurements using 100 x 200mm concrete cylin-
ders, as per ASTM C597 [39]. The pulse velocity
was computed as the ratio between the 200 mm length
of the concrete specimen to the measured transit time.
The E was computed using the conventional wave
propagation equation in solid rocks, expressed as:
E,GPa = [(p x UPV?)/g] 1072, where g is gravity
acceleration (9.81 m/s?) and p is the concrete density

(kg/m?) [1L 31].

3.3.2. COLOURIMETRY

The L, a, and b colour coordinates were determined
following the Commission Internationale d’Eclairage
(CIE) system using a portable colourimeter. The
L-value reflects the colour lightness varying from
0 (black) to +100 (white), a-value represents the chro-
matic intense of magenta/red (+127) and green (-128),
and b-value the chromatic intense of yellow (4-127) and

blue (-128) [19, 40]. The specimens were oven-dried
for one day at 50+ 5 °C prior to testing. The measure-
ments were realized using the broken cylinders after
the tensile splitting test, as shown in Figure[3] Special
care was taken to position the colourimeter sensor in
the mortar phase (not the aggregate particle); while
an average of 6 measurements was considered. The
colour deviation (A(E)) due to pigment additions
from the control mix was determined as:

A(E) =+/(Lc — L)% + (ac — a)? + (bc — b)2,
where Lo = Lcontrots ¢ = QControl; bc = bcontrol-

3.3.3. BOND TO STEEL REINFORCEMENT

The direct bond method was used to determine the
bond stress-slip properties of concrete mixtures, in
accordance with RILEM/CEB/FIB specification [41].
The bars were vertically centred in the 150 mm cubic
moulds (Figure[d); the embedded length was 60 mm
(5 dp) and PVC bond breaker was inserted around the
bar at the concrete surface to reduce the concentration
of stresses during loading. After 24 hours from casting,
the specimens were demoulded and covered with plas-
tic bags to cure at 23 £ 3°C for 28 days. The direct
bond test was realized using a universal testing ma-
chine, whereby the pullout load and slips of the steel
bar relative to the concrete block are recorded [30] 42].
The tensile load was gradually applied until failure at
a rate hovering 0.25kN/sec.

4. TEST RESULTS AND DISCUSSION

4.1. HRWR DEMAND

Table [2] summarizes the HRWR demand and colour
coordinates for mixtures prepared with various pig-
ment types and concentrations. In line with current
literature I} 4} [8], the demand for HRWR increased
with pigment additions, given their higher fineness
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FIGURE 4. Photo of the experimental testing of bond stress-slip properties.

Mixture HRWR Slump Air content Density L a b A(E)

codification [% of cement]  [mm] (%] [kg/m]?
350-Control 2.6 205 2.8 2320 67.8 56 19.3 -
350-Red-1.5 % 2.6 205 n/a 2315 55.2  12.8 129 15.8
350-Red-3 % 2.9 200 2.7 2330 51.9 16.1 10.6 21.0
350-Red-4.5 % 3.2 200 2.9 2375 444 19.8 12 28.3
350-Grey-1.5% 2.7 195 n/a 2330 619 22 124 9.6
350-Grey-3 % 2.9 205 3.1 2360 584 0.8 7.2 16.0
350-Grey-4.5 % 3.1 205 n/a 2350 494 -0.1 4.0 24.6
350-Ti02-1.5% 2.7 210 n/a 2310 72.0 53 19.8 4.3
350-Ti02-3% 3.0 210 3 2340 719 54 19.7 4.2
350-Ti02-4.5 % 3.1 195 2.9 2380 7.3 44 179 8.7
350-CBlack-1.5 % 2.9 190 n/a 2350 424 -02 -0.2 32.5
350-CBlack-3 % 3.5 195 3.2 2340 422 -05 -0.7 33.0
350-CBlack-4.5 % 3.6 205 3.4 2390 31.0 -0.05 -1.2 42.4
450-Control 24 205 3 2345 68.3 5.7 19.1 -
450-Red-3 % 2.5 210 3.1 2385 48.8 19.0 10.8 25.0
450-Grey-3 % 2.8 200 3 2385 56.2 0.58 6.9 17.9
450-Ti02-3% 2.7 200 2.8 2405 771 51 191 8.9
450-CBlack-3 % 3.2 205 3.5 2415 419 -04 -08 33.6

The mix codification refers to cement content-Pigment type-Pigment dosage.

n/a refers to not tested.

TABLE 2. Effect of pigment types and concentrations on workability and colourimetry properties.
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FiGUure 5. Effect of pigment type and concentration
cement.

that absorbs part of the mixing water and results in
requirement of additional superplasticizing molecules
to ensure the targeted slump of 210 +£ 10 mm. For
example, at a 3% pigment rate, the HRWR dosage
varied from 2.6 % for the 350-Control mix to 2.9 %
and 2.85% for the 350-Red-3% and 350-Grey-3 %
mixtures, respectively. The increase in HRWR was
particularly pronounced for the CB pigment, given
its extremely fine particles [I3]. Hence, the HRWR
reached 3.45 % and 3.6 % for the concrete containing
3% or 4.5 % CB, respectively.

4.2. COLOURIMETRY

As can be noticed in Table[2] the lightness of colour (L-
value) increased from 67.75 for the 350-Control mix to
72 and 76.3 with the addition of 1.5 % and 4.5 % TiOs,
respectively, which can be attributed to the intrinsic
white-coloured nature of this pigment [26] 29]. Yet,
as expected, the L-value followed a decreasing trend
when darker pigments were used; it dropped to 49.35,
44.35, and 31 for mixtures containing 4.5 % grey, red,
and CB pigments, respectively. To the other end,
the magenta chromatic intense (i.e., a-value) varied
from 5.55 to 16.1 for the 350-Control and 350-Red-3 %
mixtures, respectively, while in contrast, the highest
b-value of 19.75 corresponded to the 350-Ti02-1.5%
mix. Concrete mixtures prepared with CB exhibited
negative a and b values, reflecting the black colouring
effects of such powders.

As shown in Figure [5] the mixtures containing the
white-coloured TiO, pigments exhibited the lowest
A(E) values, reflecting relatively limited variations
with respect to the control mix. The incorporation of
red or grey 10 pigments gradually increased the A(FE)
values that varied from 9.6 to 28.3, while the CB-
modified mixtures exhibited the highest A(FE) that
varied from 32.5 to 42.4. It should be noted that A(E)
steadily increased with pigment additions (Figure [5),
without showing a clear stabilization tendency that

on A(E) variations for concrete prepared with 350 kg/m®

reflects colour saturation [I1l I7]. This can be at-
tributed to the relatively reduced cement volume (i.e.,
about 11 % of the overall concrete mix), thus requiring
additional pigment powders to achieve colour satu-
ration. Additionally, the beige-like colour of natural
sand could have affected the pigment tinting strength,
which reduced the tendency towards the colour satu-
ration [10, [IT].

4.3. HARDENED PROPERTIES

The effect of pigment type and concentration on the
28-days f’c for concrete prepared with 350 kg/m3
cement are summarized in Table|3| and plotted in Fig-
ure[f] Regardless of the colour, mixtures incorporating
increased pigment additions exhibited higher strength
values. For example, compared to the 26.7 MPa value
obtained for the control mix, the f’c increased to 29.7
and 34.9 MPa for the mixtures containing 1.5 % and
4.5 % red 10, respectively. Such values reached 30 and
34.2 MPa for the mixtures containing 1.5 % and 4.5 %
grey 10O, respectively. This could be associated to the
micro-filler effect and enhanced packing density that
lead to a denser microstructure capable of supporting
higher loads. Yildizel et al. [22] reported that IO
pigments are inert materials (i.e., do not react with
water) that fill the interspaces and capillary pores in
cementitious systems, leading to an improved resis-
tance against permeability and attack of aggressive
ions.

For the given concentration, the effect of CB on
strength development is pretty similar or slightly
higher than the IO pigments. Hence, the f’c reached
35.1 MPa for the 350-CBlack-4.5 % mixture. Know-
ing the inert nature of such powders, the increase in
strength can be physically related to the micro-filler ef-
fect that enhances packing density of the cementitious
matrix.

The highest increase in f’c was recorded for con-
crete mixtures prepared with TiO, additions; this
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FI1GURE 6. Effect of pigment types and concentrations on hardened properties and bond to steel bars.

Mixture 7-d f'c 28-d f'c It UPVvV E Tu Oy

codification [MPa| [MPa| [MPa] [km/s] [GPa) [MPa)] [mm)]
350-Control 14.8 26.7 2.16 3.55 29.8 11.36 4.1
350-Red-1.5 % 17 29.7 2.28 3.58 30.2 11.94 5.3
350-Red-3 % 20.1 34 241 3.6 30.8 18.00 10.3
350-Red-4.5 % 19.8 34.9 3.06 3.62 31.7 17.78 10.5
350-Grey-1.5 % 17.2 30 n/a 3.5 29.1 n/a n/a
350-Grey-3 % 20.2 29.8 2.86 3.62 31.5 12.74 4.9
350-Grey-4.5 % 20.6 34.2 3.36 3.58 30.7 14.05 6.1
350-Ti02-1.5% 19.7 33.5 2.62 3.57 30.0 17.25 6.2
350-Ti02-3 % 19.6 36 2.7 3.66 32.0 n/a n/a
350-Ti02-4.5% 20.6 37.7 3.22 3.62 31.8 20.70 7.8
350-CBlack-1.5% 19 30.2 2.87 3.6 31.0 15.34 4.4
350-CBlack-3 % 18.8 34 n/a 3.72 33.0 n/a n/a
350-CBlack-4.5 % 20.5 35.1 3.28 3.8 35.2 17.89 5
450-Control 234 34.2 2.56 3.7 32.7 18.90 5.8
450-Red-3 % 27.3 38.9 3.76 3.8 35.1 23.41 11.5
450-Grey-3 % 25.8 42.3 n/a 3.83 35.7 19.78 6.3
450-Ti02-3 % 28.6 44.5 3.94 3.7 33.6 24.85 9.2
450-CBlack-3 % 27.6 41.6 3.85 3.9 374 21.96 7.2

n/a refers to not tested.

TABLE 3. Effect of pigment types and concentrations on workability and colourimetry properties.
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FIGURE 8. Typical bond stress vs. displacement curves for mixtures prepared with 350kg/m® cement.

reached 33.5 and 37.7 MPa at 1.5% and 4.5 % rates,
respectively. Besides the micro-filler effect, the in-
crease in strength may be ascribed to the formation
of nucleation sites that promote hydration reactions
and precipitate additional gels in the hardened ma-
trix [16] 29]. The hydration products grow around the
TiO4 particles, causing the formation of secondary C-
S-H in the capillary pores that reduces the porosity of
the matrix. As shown in Table (3] the f’c significantly
increased from 34.2 MPa for the 450-Control mix to
44.5 MPa for the 450-Ti02-3 % concrete, which can
be associated to the micro-filler effect prompted with
additional C-S-H hydrating compounds that could
refine the concrete microstructure [27) [28].

The effect of pigment type and concentration on ft
and FE properties is quite similar to the one observed
on f’c responses. Hence, the strength increased with
IO and CB pigments, while being particularly pro-
nounced with the use of TiOy (Table [3). Moderate
relationships with correlation coefficients (R?) larger
than 0.58 are obtained between the hardened prop-

erties for all tested concrete mixtures prepared with
350 and 450 kg/m? cement, as shown in Figure

4.4. BOND STRESS-SLIP BEHAVIOR

Table [3| summarizes the ultimate bond strength (7,,)
at failure and corresponding slip (d,,) for all tested
concrete mixtures. It is worth noting that the coeffi-
cient of variation (COV) for 7, responses determined
for selected mixtures varied from 9.6 % to 14.7 %, rep-
resenting an acceptable repeatability. The steel bars
did not reach their yielding state during pullout test-
ing (i.e., the yielding load is 58.8 kN). A pullout mode
of failure occurred for all tests, whereby the concrete
crushed and sheared along the embedded steel re-
gion with no visible cracks on the external concrete
specimens [30, [31].

Typical bond stress-slip (7 vs. ) curves determined
for the 350-Control mix and those incorporating dif-
ferent pigment types and concentrations are plotted
in Figure [§] All curves are initially linear, which can
be ascribed to the adhesive component of the bond
and mechanical interlock that takes place between the
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embedded steel ribs and the surrounding concrete [32].
The 350-Ti02-4.5 % mixture exhibited the highest
T vs. 0 responses, given the micro-filler effect and
formation of secondary C-S-H hydrating compounds
that strengthen the interfacial concrete-steel transition
zone [26] 29]. Hence, compared to the 11.36 MPa value
obtained from the control mix, 7, reached 20.7 MPa
for the 350-Ti02-4.5 % concrete. The increase in 7,
was also noticeable for mixtures prepared with 10 pig-
ments, albeit this remained comparatively lower than
what was achieved with TiO, additions. Hence, 7,
reached 14.05 and 17.78 MPa for the 350-Grey-4.5 %
and 350-Red-4.5 %, respectively. When the adhesive
and interlock components fail, the concrete between
the steel ribs breaks, causing excessive local slips at
reduced bond stresses [42] [43]. Only the frictional
bond component remains in the post-peak region of 7
vs. ¢ curves, whereby the steel bars are dynamically
pulled out from the concrete specimens.

Figure [0] summarizes the effect of the pigment type
and concentration on 7, responses determined for
mixtures prepared with a 350 kg/m® cement content.
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Regardless of the pigment type, 7, gradually increased
with such additions, which practically reveals their
beneficial role for improving the development and
transfer of bond stresses in reinforced concrete mem-
bers. The highest value of 20.7 MPa was recorded
for the concrete containing the highest TiO5 concen-
tration of 4.5%. This was followed by mixtures in-
corporating 3% and 4.5% red IO as well as those
made using 4.5 % CB; the resulting 7, hovered around
18 MPa. Just like the mechanical properties, the in-
crease in 7, due to inert 10 or CB pigments can
be attributed to the micro-filler effect that densifies
the cementitious microstructure around the steel ribs,
leading to an improved bond behaviour. Moderate
relationships with R? of 0.57 and 0.83 are established
between 7, with respect to f’c and ft for all tested
concrete mixtures (Figure .

As shown in Figure [8] the increase in 7, due to
pigment additions is accompanied by an increase in
the maximum slip that occurs at failure. For example,
0y of 4.1 mm was registered for the 350-Control mix,
while it reached 6.1 and 7.8 mm for the 350-Grey-
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FiGure 11. Relationships between 7, and ¢, for mixtures prepared with 350 or 450 kg/m3 cement.

4.5% and 350-Ti02-4.5 %, respectively. In addition
to the improved bond strength, this reflects that pig-
ments confer higher ductility, which can be partic-
ularly relevant in high-strength concrete reinforced
members [33] 43}, [44]. Figure[11|plots the relationships
between 7 and ¢ for concrete mixtures prepared with
350 or 450 kg/m? cement. Clearly, mixtures exhibiting
higher 7, are characterized by increased displacements
at failure.

5. COMPARISON WITH INTERNATIONAL
BOND MODELS

In order to ensure compliance of bond properties of the
coloured concrete to international design code models,
the 7, values determined experimentally are compared
with the design bond strengths (7i,4.) specified in
CEB-FIP [35], ACT 318-19 [33], and European Code
EC2 [34] models. The CEB-FIP (2010) considers
that the stiffness of ascending 7 vs. § curves follows
an exponential trend raised to a power of 0.4, until
reaching 7,,4, equal to 2 or 2.5 \/JTC’, depending on
whether the concrete is confined or not. This can be
expressed in Eqgs. [I] and [2] as follows.

CEB-FIP for unconfined concrete:

Tmaz = 2 V .fé (1)
CEB-FIP for confined concrete:
Tmaz = 2-5\/ fé (2)

In ultimate state conditions, the ACI 318-19 [33]
considers that 7,,4, can be calculated as:

Tmaz = 9w, U, U, A 3)

where Cj, is the concrete cover and K, the transverse
reinforcement index (note that the (Cy+ Ky-)/dp ratio
is limited to 2.5). The ¥y, U,, U, and A factors refer
to the bar-size, epoxy coated bars, bar location with

respect to the upper surface, and lightweight concrete,
respectively. In this study, U is taken as 0.8 for bars
No. 13, while ¥y, ¥,, and X equal to 1.

The Tpnqq expression proposed by EC2 [34] for de-
termining the ultimate bond stress is given as:

Tmaz = 2.25 nn2 fctd (4)

where 7 is a coefficient reflecting the bond quality to
the embedded steel (taken as 1.0) and 7y is related
to the bar diameter (taken as 1, given that d; is
less than 32mm). The feq = et fetk,0.05/7c refers
to concrete design tensile strength, where a.; and
v, refer to the long-term effects on tensile strength
and partial safety factor, respectively (both taken as
1). The feik,0.05 refers to the concrete characteristic
axial tensile strength computed as 0.7 x 0.3 X fii/?’),
where f.r is the 28-days compressive strength concrete
cylinder.

Table [ summarizes the 7,4, values computed
using the different codes as well as the resulting
experimental-to-design bond strength ratios (i.e.,
Tu/Tmaz)- As shown in Figure the 7,42 values fol-
lowed an increasing trend with pigment additions. On
average, the experimental 7, values are 3.35- and 4.85-
times higher than the ACI 318-19 and EC2 equations
(Table , respectively; this reveals the conservative
nature of such models for predicting the bond strength
between steel bars and coloured concrete structures.
Yet, the 7, /Tma. becomes pretty close or even lower
than 1.0 when the CEB-FIP equations are used (i.e.,
Egs. |1f and , reflecting the unconservative nature
of such equations for assessing the bond strengths of
coloured concrete.

6. CONCLUSIONS

This paper is part of an investigation that aims at
investigating the impact of pigments on the structural
properties of reinforced coloured concrete members.
The findings of this paper reveal that such additions
have a rather beneficial effect on the concrete bond
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FiGURE 12. Relationships between pigment concentration and 7p,q; computed by different codes for mixtures
prepared with 350 kg/m® cement.

. Tmaz computed by different codes Experimental-to-design bond ratio
Mixture
codification MPa (7u/ Timaz)
2V/f, 25\/f, ACI318 EC2 2\/fl 25\/f, ACI318 EC2
350-Control 10.3 12.9 4.5 3 1.1 0.88 2.53 3.84
350-Red-1.5% 10.9 13.6 4.7 3.2 1.1 0.88 2.52 3.76
350-Red-3 % 11.7 14.6 5.1 3.5 1.54 1.23 3.56 5.19
350-Red-4.5% 11.8 14.8 5.1 3.5 1.5 1.2 3.47 5.03
350-Grey-3 % 10.9 13.6 4.7 3.2 1.17 0.93 2.69 4.01
350-Grey-4.5 % 11.7 14.6 5.1 3.5 1.2 0.96 2.77 4.03
350-Ti02-1.5% 11.6 14.5 5 34 1.49 1.19 3.43 5.02
350-Ti02-4.5 % 12.3 154 5.3 3.7 1.69 1.35 3.88 5.57
350-CBlack-1.5% 11 13.7 4.8 3.2 1.4 1.12 3.22 4.78
350-CBlack-4.5 % 11.8 14.8 5.1 3.5 1.51 1.21 3.48 5.04
450-Control 11.7 14.6 5.1 3.5 1.62 1.29 3.72 5.42
450-Red-3 % 12.5 15.6 5.4 3.8 1.88 1.5 4.32 6.16
450-Grey-3 % 13 16.3 5.6 4 1.52 1.22 3.5 4.93
450-Ti02-3 % 13.3 16.7 5.8 4.2 1.86 1.49 4.29 5.98
450-CBlack-3 % 12.9 16.1 5.6 4 1.7 1.36 3.92 5.53
Average = 1.45 1.16 3.35 4.85
St. Deviation = 0.26 0.2 0.59 0.77

TABLE 4. Experimental-to-design bond strengths computed by different codes.
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properties to embedded steel bars, which could practi-
cally be assuring to consultants and architects in the
concrete building industry. Based on the foregoing,
the following conclusions can be warranted:

e Mixtures containing TiOg exhibited the lowest A(E)
values, reflecting relatively limited variations with
respect to the control mix. The incorporation of
gradually increased red or grey 10 pigments led to
an increased A(FE), while the CB-modified mixtures
exhibited the highest A(FE) values.

e The steady A(F) increase with pigment additions
was attributed to the relatively reduced cement
volume and beige-like colour of natural sand, thus
affecting the pigment tinting strength and reducing
the tendency towards colour saturation.

e Regardless of the colour, mixtures incorporating
increased pigment additions exhibited higher f’c
and ft responses. This was directly associated to
the micro-filler effect and enhanced packing density
that lead to denser microstructure. The 10 and
CB pigments are inert materials (i.e., do not react
with water) that fill the interspaces and capillary
pores in cementitious systems, leading to improved
strength properties.

e The highest increase in strength was recorded for
mixtures prepared with TiOy additions. Besides
the micro-filler effect, the increase in strength was
ascribed to the formation of nucleation sites that
promote hydration reactions and reduce the porosity
of the hardened matrix.

e Just like the f’c and ft responses, 7, gradually
increased with such additions, which practically
reveals their beneficial role for improving the devel-
opment and transfer of bond stresses in reinforced
concrete members. The highest increase was noticed
for the concrete mixture containing TiO, additions,
given the micro-filler effect and formation of addi-
tional hydrating gels that strengthen the interfacial
concrete-steel transition zone.

e The increase in 7, due to pigment additions was
accompanied with an increase in the maximum slip
that occurs at failure. This reflects that pigments
confer higher ductility, which can be particularly
relevant in high-strength concrete reinforced mem-
bers.

e On average, the experimental 7, values are 3.35-
and 4.85-times higher than the ACI 318-19 and EC2
equations, respectively. Yet, the 7, becomes pretty
close to Typq, computed by the CEB-FIP equations,
reflecting the unconservative nature of such equa-
tions to predict the bond strengths of coloured con-
crete mixtures.
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