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HIGHLIGHTS

« Cold joint effect on chloride diffusion is investigated for normal concrete.

« GGBEFS effect on chloride diffusion is also evaluated.

« Compressive and tensile stress effects on diffusion are quantitatively evaluated.
« The total effect of joint, GGBFS, and loading level is evaluated on diffusion.

« Diffusion increases linearly in cold joint concrete under compressive region.
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RC (Reinforced Concrete) structures undergo deterioration and the initiated corrosion in the steel is con-
sidered as one of the most critical problems. For efficient construction of structures, construction joint
should be installed, however cold joint occurs reluctantly due to delayed concrete placing and poor con-
dition of the old concrete surface. The chloride ingress in cold joint concrete is more rapid than that in
sound concrete, and it is also affected by loading conditions. This paper presents a quantitative evaluation
on chloride diffusion coefficient considering the effects of cold joint and loading conditions. For the work,

gﬁcﬁ?crl(ejséliffusion concrete samples with 0.6 of w/b (water to binder) ratio are prepared. Compressive and tensile stresses
Cold joint are induced with 30% and 60% of ultimate strength, respectively. The chloride diffusion coefficients in
Loading conditions accelerated condition are measured under loading, and the effects of cold joint and loading levels are
GGBFS evaluated. In order to investigate an effect of GGBFS (Ground Granulated Blast Furnace Slag) on chloride

diffusion, 40% of GGBFS replacement ratio is considered for OPC (Ordinary Portland Cement) and the
GGBEFS effect is evaluated considering cold joint and loading levels. The effects of stress level, pore struc-
ture improvement through GGBFS, and cold joint on chloride diffusion coefficient are quantitatively
investigated.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction steel [2,3]. When corrosion starts, bond strength with concrete

increases in the initial period, however it is rapidly reduced over

Concrete is an attractive construction material and it has been
widely utilized for its many advantages such as high durability,
cost-benefit, and stable material supply [1]. Unlike structural steel,
concrete contains pores, and the porosity and its connectivity play
an important role in mass and ion transport. Pores in concrete are
the main routes for ingress of chloride ion and the induced chloride
ions usually cause a rapid corrosion initiation in the embedded
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3-5% corrosion ratio due to rust around steel, micro cracks, and
spalling of cover concrete [4,5]. RC (Reinforced Concrete) struc-
tures are always exposed to exterior loadings and the transport
behavior of chloride ion is much affected by exterior stress level.
Several researches investigate the effect of loading level on chlo-
ride diffusion, water permeation, and gas transport [6-8]. In the
compressive region, mass/ion transport slightly decreases in the
initial loading due to condensation of pores and interlocking of
small particles. With increasing loading, their transport signifi-
cantly increases due to development of micro cracks, and it still
increases to the time when crack width is open to about 0.4 mm
[9,10]. Recently the effect of crack on chloride diffusion has been
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Table 1
Mix proportions for the tests.

Case Gmax (Mmm) Slump (mm) S/a (%) w/b Air content (%) Unit weight: kg/m?
w Binder S G
C Slag

OPC 25 180 414 0.6 4.5 180 300 - 735 1040

GGBFS 180 120 1020
w/b: Water to binder ratio, C: Cement, S: Sand, G: Coarse Aggregate.
Table 2
Chemical components of OPC and GGBFS.

Compositions Si0; (%) Al,03 (%) Fe, 03 (%) Cao (%) MgO (%) SOs (%) Ig. loss (%) Physical properties

Specific gravity Blaine (cm?/g)
OPC 21.0 4.29 335 62.10 227 235 2.73 3.16 3214
GGBFS 29.98 14.55 0.50 45.92 4.90 1.84 0.2 2.89 4340

Table 3
Physical properties of sand and coarse aggregates.
Types Items
Gmax (mm)  Specific gravity ~ Absorption (%) F.M.
(g/em®)
Fine aggregate - 2.60 1.00 2.70
Coarse aggregate 25 2.62 0.78 6.78

actively studied through analysis modeling and experimental work
[9,11-14].

In concrete placing, construction joint should be installed for
avoiding cracking but cold joint may occur due to delayed placing
of ready-mixed concrete without surface treatment between old
and new concrete, which causes not only reduction of shear
strength but also reduction of corrosion resistance [15,16]. Ingress
of harmful ions through cold joint section, which is similar as pre-
damaged section, is reported to be more rapid than in sound con-
crete, so that many researches have been carried out focusing on
carbonation, chloride attack, and water permeability in concrete
containing cold joint [17,18], however they are mainly dependent
on field investigation results. The severe deterioration can be found
from field investigation but technique for evaluation of the chlo-
ride behavior considering stress conditions and mineral admixture
effect is very limitedly studied.

2. Chloride diffusion in concrete with cold joint under loading

Previously explained, cold joint is half-discrete section due to
delayed placing of ready-mixed concrete. The section between
old and new concrete should be treated in a suitable manner like
sand blasting and water jetting, however it is usually exposed to
harsh environment. Concrete undergoes cracking in use and the
cracks are the main route for additionally enlarged chloride
ingress. In the previous models on chloride diffusion, capillary
pores are usually considered as main routes [19,20]. When crack
occurs, chloride diffusion coefficient increases to approximately
160 times for non-steady state condition based on accelerated dif-
fusion test [9] and 5.5 times for steady state condition based on
apparent diffusion test [12]. The changing increment depends on
the core size since representative area contains both crack width
and sound concrete area. The mass transport is also affected by
loading types. In the compressive region, gas permeability slightly
decreases to about 60% of peak load and significantly increases to
failure status [21], which shows similar trend with water perme-
ability [7]. It is reported that chloride diffusion has similar trend

as gas and water permeability, showing more rapid diffusion/-
transportation under tensile stress than compressive stress
[8,22-24]. Recently an analytical modeling on diffusion coefficient
under loadings is proposed with porosity and volumetric strain
[24]. Many researches with experimental and analytical work have
been conducted on evaluating the relationships between loading
level and changing diffusion and permeation, however the effect
of cold joint and mineral admixture on their relationship has not
been considered.

3. Experimental program
3.1. Concrete preparation with cold joint

Concrete samples with OPC (Ordinary Portland Cement) and 40% replacement
of GGBFS are prepared. The water to binder ratio is fixed as 0.6. The mix proportions
and chemical compositions for OPC and GGBFS are listed in Table 1 and Table 2. The
physical properties of sand and coarse aggregate are listed in Table 3.

For the compressive and tensile strength test, cylindrical (diameter
100 mm x height 200mm) and rectangular parallelepiped specimens
(100 mm x 100 mm x 50 mm) are prepared, respectively. The tests for strength
are performed at the age of 28 and 91 days for evaluation of long-term strength
development. For inducing cold joint, concrete is placed to a half and exposed to
room condition for 24 h. The rest is filled with the same mixture after 24 h and then
exposed to the same condition for 24 h. After removal of cast, the concrete samples
are kept in water-submerged condition to 91 days. The photos for concrete samples
with cold joint are shown in Fig. 1. In order to evaluate the cold joint effect on chlo-
ride diffusion coefficient, the cold joint section is set without surface treatment.

3.2. Chloride diffusion coefficient

For measuring chloride diffusion coefficient in concrete containing OPC and
GGBFS, a diffusion cell is set up referred to ASTM C 1202 [25]. The calculation of
the diffusion coefficient, so called non-steady state migration diffusion coefficient,
is performed based on the Tang’s method using silver nitrate solution (0.1 N,
AgNOs) as an indicator [26,27]. The diffusion coefficient in non-steady state condi-
tions is calculated through Eq. (1).

. [RIL_.4 2G4
=2 ﬁerf []—C—J 1)

where D, is diffusion coefficient in non-steady state condition (m?/s), R is universal
gas constant (8.314 J/mol K), T is absolute temperature (K), L is thickness of specimen
(m), z is ionic valence (=1.0), F is Faraday constant (=96,500 ]J/V mol), U is applied
potential (V), t is test duration time (s), Cy is the chloride concentration at which
the color changes when using a colorimetric method for measuring x4 based on
the references [26,27]. Cy is chloride concentration in the upstream solution (mol/l),
erf ' is the inverse of the error function. The conditions of accelerated diffusion test
are listed in Table 4 and test setup for RCPT is shown in Fig. 2.

In order to prevent interference of edge effect, 10 mm of each side is ignored for
calculation of chloride penetration depth.

RTL x4 — oi\/Xg

Drcpt = ﬁ I
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Fig. 1. Concrete samples with cold joint.

3.3. Loading conditions

In order to induce compressive and tensile stress, each side of concrete is coated
with epoxy except for front and back side, and steel frame is installed on the con-
crete samples. The effect of loading on chloride diffusion is reported to be non-
linear so that two loading cases are considered. Ultimate loading is firstly evaluated
for evaluation of strength, and then 30% and 60% of peak loads are induced for ten-
sile and compressive stresses, respectively. When inducing the designated loading,
the frames in top and bottom are fixed. Strain gauges are attached on the concrete
surface and confining frame for monitoring the changes in strain. The intended load
is slightly reduced due to slip of frame fixing, so that the final measured strength is
considered as the loading level. Before RCPT (Rapid Chloride Penetration Test), the
gauge on the concrete surface is removed and the strain of the reference gauge on
the confining steel frame is monitored during the test for observing additional loss
of stress due to frame relaxation. For compressive stress inducing, rectangular sam-
ples (100 x 100 x 50 mm) are used and cylindrical samples (100 mm diameter and
50 mm thickness) are also used for tensile stress as well. The samples may have
micro cracks over 60% level of loading. This study assumes sound concrete and cold
joint section, so that the crack effect on diffusion is merged in loading effect which
can enlarge or reduce chloride diffusion coefficient. The test setup for inducing
loads and fixed samples are shown in Fig. 3.

The strain variations during loading and the reference curve of stress-strain are
shown in Fig. 4. In Fig. 4(a) and (b), the strain drop happens due to unloading and
imperfect fixing, but they kept constant after fixing frame. In the reference curve in
Fig. 4(c), the final stain level (300-400 stains) in Fig. 4(a) and (850-1000 stains) in
Fig. 4(b) are assumed as 30% and 60% of loading ratio, respectively. As shown in
Fig. 4(a) and (b), excess loading of 30% and 60% level can cause additional damage
to concrete, however the effect of damage from overloading is assumed to be small.

Table 4

Diffusion cell and test conditions.
Conditions
Cathode Anode Applied voltage  Thickness  Applied Period
0.5M NaCl 03 M NaOH 30V 50 mm 6,8h

Fig. 2. Test setup for RCPT.
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In tensile loading, the same procedures are repeated for cylindrical sample. The
strains of reference gauge on the steel frame to loading direction are shown in
Fig. 5, which shows almost constant for 6 hours of RCPT.

4. Evaluation of chloride diffusion coefficient considering
effects of loading conditions, GGBFS, and cold joint

4.1. Test results

4.1.1. Compressive and tensile strength

Compressive strength for standard sample is measured at the
age of 28 days and 91 days. The averages of the compressive
strength are 26.8 MPa for OPC and 25.2 MPa for GGBFS concrete
at the age of 28 days, however higher compressive strength is eval-
uated for GGBFS concrete with 33.1 MPa while OPC concrete shows
31.0 MPa at 91 days. The enhanced physical performance in GGBFS
concrete can be explained by additionally produced CSH and
reduced porosity due to latent hydration [1,28,29]. The results
are shown in Fig. 6. The test results of the concrete sample for RCTP
at the age of 91 days are listed in Table 5, which shows reasonable
strength results for OPC and GGBFS concrete. The tensile strength
is 12.0-12.3% level of compressive strength. Cold joint section is
very vulnerable to direct tensile loading so that the cold joint sec-
tions (OJ-T and SJ-T) are subjected to load with angle difference by
30 degree, which shows 2.7 MPa of tensile strength (8.0-8.3% of
the compressive strength).

4.1.2. Chloride diffusion coefficient

For the samples at the age 91 days, test results of chloride diffu-
sion coefficient are shown in Fig. 7. Without loading and cold joint
effect, GGBFS concrete shows the least diffusion coefficient of
6.6 x 10712 m?/s, which shows 27.8% of result in OPC concrete.
The excellent resistance to chloride penetration in GGBFS concrete
can be found in many previous researches [1,2,27-29]. The effects
of loading condition and cold joint on chloride diffusion coeffi-
cients are investigated in Section 4.2 in detail.

The photos after spraying AgNOs indicator are shown in Fig. 8,
where increasing chloride penetration depths are well observed
with loading ratios. The cracks inside concrete due to loadings
are presented in Fig. 9.

4.2, Various effects of loading and cold joint on diffusion coefficient

Previously explained, the type and level of loading are the main
parameters which can change the diffusion behavior in concrete
since tensile strength of concrete is very small compared with
compressive strength. Several researches shows that rapid mass
transport is caused under tensile region due to micro cracking in
the transit zone between aggregate and cement hydrates. In the
compressive region, similar or reduced transport is observed to
40-50% of loading and then enlarged transport is reported after-
wards due to micro cracking [6,7]. It is very interesting that con-

(b) Samples for tensile stress

(c) Samples for compressive stress

Fig. 3. Test setup for load inducing.
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Fig. 6. Compressive strength at the age of 28 and 91 days (standard size).

Table 5
Compressive and tensile strength for RCPT samples (91 days).
Systems Strength (MPa)
1 2 3 Average
Compressive strength 0-C 32.6 31.8 325 323
QJ-C 323 328 32.7 32.6
S-C 339 34 34.4 34.1
SJ-C 34.1 33 33.7 33.6
Tensile strength O-T 3.7 4.1 3.9 3.9
OJ-T 2.6 29 2.6 2.7
S-T 4.2 4.2 4.2 4.2
SJ-T 2.8 2.6 2.7 2.7

0: OPC, S: GGBFS, J: Cold joint C: Compressive stress, T: Tensile stress.

50
mO mS nOJ mSJ

40

Diffusion coefficient (10-2m?/sec)

control 30% (comp.) 60% (comp.)  30% (tensile)  60% (tensile)

Fig. 7. Chloride diffusion coefficient considering cold joint, loading level, and
GGBFS (averages).

crete samples with cold joint show enlarged diffusion in spite of
30% of compressive loading, which accounts for the more permis-
sion of chloride ion in the small compressive stress. In the OPC con-
crete without cold joint, the enlarged diffusion is consistent with
the previous results in compressive resign however the results in
tensile region underestimate the diffusion coefficients by 20-30%
compared with the previous research [30,31]. It is thought that
the tensile loading level in the paper is slightly small for avoiding
local failure of the samples. The chloride diffusion coefficients
under compressive and tensile stress are shown in Fig. 10. In
Table 6, test results and the ratios to control are listed. The results
are replotted for normalized diffusion with varying stress level in
Fig. 11 and the regression analysis results are summarized in
Table 7 with determination coefficients.



252

S.-W. Yoo, S.-J. Kwon /Construction and Building Materials 115 (2016) 247-255

0- 30% compressive
loading

0OJ- 30% compressive
loading

0O- 60% compressive
loading

0J- 60% compressive
loading

&

O- 30% tensile loading
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Fig. 8. Chloride penetration depth with increasing loading level.

From the above figures, OPC and GGBFS concrete are evaluated
to contain slightly reduced diffusion coefficient to 30% of loading
level, which are 0.94 times for OPC and 0.98 times for GGBFS in
the compressive region. When loading increases to 60%, chloride
diffusion coefficient increases to 1.34 times for OPC and 2.32 for
GGBFS concrete. In tensile region, diffusion coefficients linearly
increase 1.24-1.47 time to 30% of loading and 1.37-1.85 times to
60% of loading, respectively. The reason for more increasing ratio
in GGBFS concrete is that the results without loading have small
value compared with those in OPC concrete. The GGBFS concrete
shows better resistance to chloride ingress than OPC concrete both
for cold joint and loading cases. In the tensile region, cold joint
effect is evaluated to be much lower than loading effect since the
gradient is small regardless of joint (dot line in Fig. 11) with linear
relation with loading level to 0.6 of peak load. The pattern in OPC
concrete is consistent with that in GGBFS concrete as shown in
Fig. 11(b).

The penetration depth in cold joint concrete with GGBFS shows
very sharp intrusion and this means chloride intrusion perpendic-
ular to migrating direction is very small while results in normal
concrete contains smooth contour as shown in Fig. 12.

The effect of loading conditions on diffusion behavior is reason-
ably consistent with the previous researches and the enlarged

diffusion ratios are quantitatively evaluated for concrete with
GGBFS and cold joint. However the ratios of diffusion coefficient
may be changed in concrete with lower w/c ratio (high strength
concrete) since diffusion coefficient in control case is very small.
Furthermore effect of cold joint on diffusion can vary in wide range
when surface treatment is not conducted. The work can be
improved through consideration of treatment for cold joint surface,
diffusion behavior in high strength concrete, and accurate loading
level with perfect confining systems.

5. Conclusions

The conclusions on effects of cold joint and loading conditions
on chloride diffusion in concrete containing GGBFS are as follows

1) Chloride diffusion coefficient is evaluated to decrease to 30%
of loading level and increases afterwards in the compressive
condition. When loading level increases to over 60%, diffu-
sion coefficient increases to 1.34-1.78 times for normal con-
crete and 2.32-2.52 times for GGBFS concrete. In particular
chloride diffusion coefficient goes up with quadratic shape
for normal concrete, however linearly increasing shape is
evaluated for cold joint concrete regardless of binder type.
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(b) Cracks on surface (60% of compressive loading)

Fig. 9. Cracks on loading conditions.
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0: OPC, S: GGBFS, 0J: OPC with cold joint, SJ: GGBFS with cold joint. Fig. 11. Chloride diffusion coefficients under stress level.
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Table 7
Regression results for normalized diffusion coefficient with loading levels.
Systems Regression analysis R?
Compressive loading 0 2.582x% — 1.040x + 1 0.90
S 7.492x% — 2.298x + 1 0.99
0J 1.455x + 1 0.71
SJ 2417x +1 0.87
Tensile loading (0] 0.705x +1 0.82
S 1.293x + 1 0.90
0J 0.653x +1 0.71
SJ 1.395x +1 0.96
0O: OPC, S: GGBFS, 0J: OPC with cold joint, SJ: GGBFS with cold joint.
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12. Contour of chloride penetration depth in concrete with cold joint.

In the tensile condition, loading effect is much clear than
cold joint effect on chloride diffusion. The results linearly
increase to 60% of loading level. Concrete with cold joint
increases to 1.37 times for OPC and 1.81 for GGBFS concrete
but the value in cold joint concrete with GGBEFS is only 48%
level (15.6 x 10~'2 m?/s) of normal concrete with cold joint
(32.4 x 10712 m?/s).

GGBFS is evaluated to be very effective for resisting chloride
penetration and it still works for not only sound concrete but
also cold joint concrete. Without loading, diffusion coeffi-
cient is reduced to 36% (8.6 x 1072 m?/s) through 40%
replacement ratio of GGBFS. When compressive loading
level reaches 60% for cold joint concrete, the result increases
from 23.7 x 107> m?/s to 42.2 x 10> m?/s for OPC con-
crete while GGBFS concrete changes from 8.6 x 1072 m?/s
and 21.7 x 107> m?/s. In the tensile condition with 60%
loading level, they linearly increases to 32.4 x 1072 m?[s
for OPC concrete and 15.6 x 1072 m?/s for GGBFS concrete,
respectively, which shows the excellent resistance to chlo-
ride ingress.
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