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This study aims to experimentally investigate the autogenous deformation and the stress evolution in restrained
high-volume ground granulated blast furnace slag (GGBFS) concrete. The Temperature Stress Testing Machine
(TSTM) and Autogenous Deformation Testing Machine (ADTM) were used to study the macro-scale autogenous
deformation and stress evolution of high-volume GGBFS concrete with w/b ratios of 0.35, 0.42, and 0.50. The
early-age cracking (EAC) risk (quantified by stress-strength ratio) and stress relaxation were analyzed extensively
based on ADTM and TSTM results. Furthermore, Environmental Scanning Electron Microscopy (ESEM), X-ray
Diffraction (XRD), and Mercury Intrusion Porosimetry (MIP) were conducted to explore the micro-scale origin of
the autogenous deformation of high-volume GGBFS concrete, which supports the observations on the macroscale
measurement of TSTM/ ADTM tests. This study finds that the ettringite formation in the first two days results in
autogenous expansion, which can delay the appearance of tensile stress. The magnitude of autogenous expansion
depends on the compatibility of ettringite content and pore size. The w/b ratio of 0.42 turns out to be optimal
because it produces the highest amount of ettringite and results in the highest autogenous expansion. In com-
parison, the w/b ratio of 0.35 introduces significant autogenous shrinkage after the expansion peak and therefore

corresponds to a high early-age cracking risk.

1. Introduction

With regard to the worldwide concern of carbon reduction, ground
granulated blast furnace slag (GGBFS) has been proven to be an effective
alternative cementitious material to ordinary Portland cement (OPC). In
total, the manufacturing process of OPC accounts for 5-8 % of world-
wide yearly carbon dioxide emissions, and therefore reducing the use of
OPC is a main target in the campaign for carbon reduction. Normally,
GGBFS can replace 35-70 % OPC in concrete. Compared to OPC con-
crete, the addition of GGBFS improves the fresh workability [1] and
shows comparable or even higher compressive strength [2], flexural
strength [3] and elastic modulus [4] at later ages.

Early-age cracking (EAC) is a significant engineering problem in the
construction of concrete structures. The continuous hydration of hard-
ening cementitious materials results in heat release and self-desiccation,
which causes volumetric deformation of concrete structures. If the
volumetric deformation is restrained, stresses occur and may harm the
integrity of concrete structures. Since the addition of GGBFS signifi-
cantly alters the cementitious system, its influence on the resistance of
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concrete structures to EAC is also essential. Such influence can be
summarized mainly in two aspects: volumetric deformation and me-
chanical properties, which together determine the evolution of early-age
stress (EAS). Studies [5-7] have confirmed that the addition of GGBFS
effectively reduces the hydration heat and thereafter reduces the ther-
mal shrinkage. However, due to the pozzolanic reaction and finer pore
structure, the effect of self-desiccation is enhanced by GGBFS, causing a
faster drop of internal relative humidity [8-10]. As a result, the addition
of GGBFS increases autogenous shrinkage, which happens almost uni-
formly and can cause through cracks [11]. Therefore, increasing the
content of GGBFS brings risks of autogenous shrinkage-induced EAC. In
this regard, the EAS evolution of high-volume GGBFS concrete, which
directly links to the EAC risk, deserves thorough and in-depth research.

Experiments have been carried out to investigate the influence of
GGBFS on EAC risk. Based on Temperature Stress Testing Machine
(TSTM), Shen et al. [12] conducted a uniaxial restrained test on High-
Performance Concrete (HPC) with GGBFS ranging from 0 % to 50 %.
Their experimental results confirmed the benefits of GGBFS in reducing
early-age thermal shrinkage. Moreover, it was shown that the EAC risks
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increase with the increasing GGBFS content, and the optimal content of
GGBFS was found to be 20 %. By measuring the free and restrained
shrinkage of paste with a w/c ratio of 0.32, Bouasker et al [13] found
that, although finer pore structure induces higher autogenous shrinkage,
the GGBFS cement paste often exhibited later EAC than OPC paste.
Similarly, Darqueennes et al [14] conducted a TSTM test on GGBFS
concrete with w/c ratio of 0.43 and concluded that GGBFS concrete
cracks later than OPC concrete. This was explained by the early-age
expansion and high creep/ relaxation of the GGBFS cement matrix.
Shen et al. [15] conducted restrained ring tests on GGBFS concrete with
GGBFS content varying from O to 50 % and also found that the
increasing content of GGBFS decreased the EAC risk. Under semi-
adiabatic conditions, Wei et al. [16] carried out uniaxial restrained
tests and concluded that, although the thermal shrinkage can be effec-
tively reduced, the major reasons accounting for EAC of GGBFS concrete
lay in the consistent autogenous shrinkage. Focusing on the influence of
slag composition, Markandeya et al [17] conducted TSTM tests on
GGBFS concrete using GGBFS with different MgO/ Al,Og ratios, but with
similar Ca/SiO, ratios. Their results showed that a low MgO/ Al,O3 ratio
can result in high autogenous shrinkage and therefore promote the EAC
risk. Overall, existing studies report contradictory conclusions on
whether the addition of GGBFS increases the EAC risk or not, compared
with the OPC concrete. Such disagreement is understandable consid-
ering the difference in testing details, including the thermal boundaries,
material differences, etc. For example, in non-isothermal conditions, the
addition of GGBFS surely decreases EAC risk since thermal shrinkage is
highly reduced. Such declaration is mostly tenable in massive concrete
structures where thermal shrinkage dominates. However, for medium-
or thin-concrete structures, autogenous shrinkage, which is inevitable
and can induce stress consistently, can play a more important role in
EAC risk.

Despite the disagreement, one consensus existing in the aforemen-
tioned studies on restrained tests is the increasing autogenous shrinkage
induced by GGBFS. Many studies solely about autogenous shrinkage
have also validated this conclusion [8-10,18-20]. Recently, Hilloulin
etal. [21] trained Machine Learning models on 1889 shrinkage data and
conducted a thorough dependence analysis on the influence of various
ingredients on shrinkage. Based on a comprehensive database and
advanced Machine Learning algorithms, their results proved that
increasing GGBFS content can lead to higher shrinkage. To leverage the
environmental benefits, the EAC risks of high-volume GGBFS concrete
induced by autogenous shrinkage need to be addressed. However,
existing studies about EAC mostly concentrated on GGBFS concrete with
a medium percentage of OPC replacement (0 ~ 50 %). Meanwhile, strict
thermal boundary conditions were often unreachable, making it difficult
to fully decouple the influence of autogenous and thermal shrinkage.
Most importantly, the EAC analysis of GGBFS concrete with different w/
b ratios, which is important for the practical application of high-volume
GGBFS concrete, is scarce.

Accordingly, TSTM tests are performed herein to figure out the
autogenous shrinkage and EAS evolution of high-volume GGBFS con-
crete with a 70 % replacement rate of OPC and w/b ratio ranging from
0.35 to 0.5. In addition, an OPC concrete mix is tested as a reference. A
thorough analysis of the coupling influence of autogenous shrinkage,
elastic modulus, and stress relaxation on EAS evolution was conducted.
MIP, XRD, and ESEM tests were performed to provide an in-depth un-
derstanding of the autogenous deformation of high-volume GGBFS
concrete with different w/c ratios. The aforementioned testing results
aim to provide an in-depth understanding of autogenous shrinkage-
induced EAC risk of high-volume GGBFS concrete with different w/b
ratios.
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2. Experimental
2.1. Materials

Using the CEM III/B 42.5 as the cementitious material, which con-
tains 30 % OPC and 70 % GGBFS, three mixes with the w/b ratios of
0.35, 0.42, and 0.50 were studied. Meanwhile, a reference mix using
CEM 142.5 as the cementitious material and a w/b ratio of 0.42 was also
incorporated. Both CEM III/B and CEM I used in this paper were sup-
plied by the Eerste Nederlandse Cement Industrie (ENCI). The detailed
mixture proportions are shown in Table. 1, and are properly labeled to
show the difference in cementitious materials and w/b ratio. For
example, “C3-50" stands for the mix using CEM III/B with a w/b ratio of
0.50. The main chemical compositions of utilized CEM III/B 42.5 and
CEM I 42.5 are listed in Table. 2. Superplasticizer (SP) MasterGlenium
51 with a water-reducing rate of 35 % was used for mixes with w/b =
0.42 and 0.35. The compressive strength of each mix was tested on three
cubic samples with a side length of 150 mm at ages 1, 3, 7, 14, and 28
days. The testing results of compressive strength are shown in Fig. 1. To
keep comparable compressive strength, the clinker in CEM III/B 42.5 is
finer than that of CEM I 42.5. Therefore, for w/b = 0.42, the compressive
strength of CEM III/B 42.5 mixes are lower than that of CEM I 42.5 on
the first day, but notably higher after 3 days [14,22].

2.2. ADTM and TSTM tests

To test the autogenous deformation and the stress it induces, the
Autogenous Deformation Testing Machine (ADTM) and Temperature
Stress Testing Machine (TSTM) were developed [23]. In this study, we
conducted the ADTM and TSTM tests for the aforementioned mixes by
following the workflow in Fig. 2. Two wooden molds with low heat
conductivity were used for casting of prism and dog-bone specimens,
which were then sealed and tested under free and restrained conditions
respectively. Isothermal conditions were ensured by circulating
temperature-regulated water around the concrete specimens in wooden
molds.

The ADTM for testing the autogenous deformation of concrete is
shown in Fig. 3. Wood plates with low conductivity were assembled to
form a mold for casting prismatic samples with the size 1000 *150 *100
mm?. By wrapping the sample with plastic films, moisture exchange
with the environment was prevented so that the drying shrinkage was
excluded. To exclude the influence of temperature, temperature-
regulated water was circulated in the surrounding wood mold through
the embedded water channel (Fig. 3(c)) to keep the temperature of the
specimen at a constant value. A steel plate was applied on the inner
surface of the wood mold to enable fast heat conduction (Fig. 3(d)).
Three thermo-couples were embedded in the prismatic sample to
monitor the temperature development, as shown by the red dots in Fig. 3
(a). A feedback loop between the measurement of the middle thermo-
couple and an externally-connected cryostat was built to regulate the
water temperature and stabilize the temperature of the sample at 20
degrees. Four Linear Variable Differential Transformers (LVDTs) were
configured at two sides of the sample and the average of the deformation

Table 1
Mixes for TSTM tests (kg/ms).
Sample  Cement Cement w/b  Sand Gravel SP Slump
type 04 (4-16 (mm)
mm) mm)
C3-50 CEM III/ 320 0.50 811.8 1032 0 90
B
C3-42 CEMIIl/ 320 0.42 811.8 1032 0.475 60
B
C3-35 CEM IIl/ 320 0.35 811.8 1032 1.900 40
B

C1-42 CEM I 320 0.42 811.8 1032 0.475 50
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Table 2

Main compositions of utilized cementitious materials (wt.%).
Composition CEM III/B CEM I
CaO 47.11 64.00
SiO, 29.11 20.00
Al,03 10.02 5.00
MgO 5.89 -
SO3 2.82 2.93
Fe,03 1.19 3.00
NaO 0.28 0.58

at the two sides was taken as the measurement of autogenous shrinkage.
The LVDTs on the same side were connected with a quartz bar, which
has a low coefficient of thermal expansion so that any potential change
of mounting base due to heat change cannot influence the deformation
measurement. With the measures above, the influence of thermal and
drying deformation can be excluded, and the autogenous deformation
can be measured.

The TSTM (Fig. 4) is used to restrain autogenous deformation and
measure stress development. In TSTM, the principles of the mold as-
sembly, water circulation, and LVDT configurations are the same as the
ADTM introduced above. The load applied by the actuator was contin-
uously adjusted to keep the deformation of the specimens measured by
four LVDTs at 0, based on a Proportion Integration Differentiation (PID)
control algorithm. To ensure that all autogenous deformation-induced
stress is accounted for, the TSTM test has to be started before the con-
crete hardens [24]. In this study, the TSTM tests were started 7.0 h after
casting, which is earlier than the final setting time of the cement paste of
all studied mixes. Before the timing when LVDTs can be set up, the load
was controlled by the displacement of the clamping head measured by 2
LVDTs. Afterward, the 4 LVDTs at the two sides of TSTM were set up and
used to control the load. During the first stage, when the concrete was far
from hardened (within the first 7 h after casting), the stress measured
was less than 0.01 MPa, and therefore only the stress after 7 h was
accounted for in the experimental results of this paper. Due to uncon-
trollable factors such as power-off, the testing duration for each test
differs, ranging from 647 h to 804 h.

2.3. Corrugated tube test

In the process of autogenous deformation, the aggregate mainly
plays the role of restraint [25], while the autogenous deformation
mainly originates from the cement paste. Therefore, it is also important
to measure the autogenous deformation of cement paste. Considering
this paper is mainly about the influence of GGBFS, only relevant mixes
were incorporated into this test. Hence, the corrugated tube tests [26]
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were conducted to measure the autogenous shrinkage of cement paste of
C3-35, C3-42, and C3-50 immediately after casting time.

2.4. Material characterization

Material characterization tests aim to find microscale origins that
explain the corresponding macroscale behavior (i.e., autogenous
deformation and EAS) of high-volume GGBFS concrete. By analyzing the
consumption of C3A and C4AF, Darquennes et al [14] inferred that the
autogenous expansion in GGBFS concrete is a result of ettringite for-
mation. Indeed, as the most active phase of clinker, the C3A begins
immediately to react with gypsum and forms ettringite once it dissolves
in water. According to [27], the additional sulfur and alumina in GGBFS
can highly promote ettringite formation. Afterward, ettringite tends to
grow in the pores and expand, applying crystalline pressure on the pore
wall, which then induces autogenous expansion. Hence, the magnitude
of autogenous expansion depends on the volume/ amount of ettringite
and the pore size distribution [28]. In other words, autogenous

Mould
Preparation
‘ TSTM: Strain-control mode to
measure EAS induced by restrained

Cast concrete into autogenous deformation

TSTM and
ADTM ADTM: free deformation test to
‘ measure autogenous deformation

Seal specimen,
start temperature
control

v

Put on LVDT
when concrete
hardens

\/

Record data until
28 days

Fully-sealed condition and constant
temperature

Fig. 2. ADTM and TSTM testing procedure.
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expansion can happen only when the volume of ettringite is sufficient to
fill the pores. To investigate the effects of ettringite formation on
autogenous expansion more straightforwardly and comprehensively, we
employed ESEM to qualitatively study the distribution of ettringite and
QXRD/ MIP to quantitatively analyze the change of ettringite amount
and pore structure. In this section, the cement paste of the three mixes
containing GGBFS C3-35, C3-42, and C3-50 was tested. Each sample was
cast and cured at a room temperature of 20 degrees and the hydration
kinetics was stopped at the desired ages using the solvent exchange with
isopropanol.

Since the autogenous deformation is driven by the capillary tension
induced by self-desiccation and can be well explained by Kelvin’s Law
[29-31], the pore structure evolution is important for the analysis of the
autogenous deformation process. Accordingly, the mercury intrusion
porosimetry (MIP) test was conducted. Specimens were crushed into

small pieces and stored in the vacuum container to get rid of isopropanol
after the hydration was stopped. Note that in the MIP test, it is necessary
to use small pieces of specimens (with a size typically smaller than 4
mm) to avoid the influence of ink-bottle pores [32]. According to [32], it
is optimal to prepare the sample with a low-rate cutting process. How-
ever, in our study, the specimens younger than 3 days were too soft to
bear the clamping force applied by the cutting machine, as well as the
cutting force. Instead, the specimens were soft enough to be easily
crushed into small pieces with a gentle force by a steel block. Note that
due to the damage induced in the sample preparation process and the
assumption and limitations of the MIP test itself [33,34], the results
herein do not necessarily represent the absolute value of the true pore
size distribution. However, considering that all specimens undergo the
same process, qualitative results regarding the pore structures will still
be comparable, allowing for further analysis of the influence of pore
structures on autogenous deformation. The intrusion process of the
mercury was described in the following three steps: 1) a low-press state
from 0 to 0.170 MPa; 2) a high-pressure state from 0.170 to 210 MPa; 3)
an unpressurized state from 210 to 0.170 MPa. The pore radius was
calculated based on the Washburn equation, with the surface tension of
mercury being 0.485 N/m and the contact angle between mercury and
sample being 140° [35].

Besides, as the hydration products also directly influence the
autogenous deformation process, scanning environmental microscopy
(SEM) and X-ray diffraction (XRD) were conducted to analyze the evo-
lution of microstructure and chemical compositions. For SEM, 2 mm-
thick samples were grinded using 4000 grit abrasive paper for 5 min and
polished using synthetic silk polishing cloth (MD-Dac from Struers)
charged with 3 pm and 1 pm diamond pastes for 2 separate 30-minute
sessions. During the grinding and polishing processes, an oil-based
lubricant (DP-Lubricant Brown from Struers) was used to dissipate the
heat build-up. Between each grinding and polishing interval, the sample
was immersed in an ultrasonic bath filled with pure ethanol for 30 sec to
remove debris. Afterward, samples were carbon coated and moved into
an FEI QUANTA FEG 650 ESEM. An accelerating voltage of 10 kV and a
working distance of 10 mm were used throughout the research. For XRD
test, it was carried out on a Philips PW 1830/40 powder diffractometer
using the Cu K-alpha radiation. The adopted acceleration voltage was
40 kV and the X-ray beam current was 40 mA. The XRD data were
collected with a step size of 0.03° for a 26 range from 5° to 80°.
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3. Results
3.1. Autogenous deformation

The autogenous deformations measured by the ADTM are shown in
Fig. 5. The results show that the autogenous deformation of all 4 mixes is
characterized by an autogenous expansion phase in the first 1 ~ 3 days,
and then autogenous shrinkage starts. For the mix C3-50, a second
expansion peak can be observed, which resembles the second peak of the
heat release rate of GGBFS concrete [36,37] and therefore may be
attributed to the continuous hydration of slag after the first day. For the
mixes C3-35, C3-42, C3-50, and C1-42, the expansion peak of 52.4, 84.8,
55.3, and 28.9 p-strain are reached at 40, 38, 27, and 33 h, respectively.
Comparing the expansion phase of the 4 mixes, the following patterns
can be observed:

i. Significant autogenous expansion in the first two days charac-
terized the autogenous deformation process. The magnitudes of
early autogenous expansion for C1-42, C3-42, and C3-50 are
higher than the later autogenous shrinkage. For C3-35, the
autogenous expansion is compensated by a fast shrinkage process
at a later age (around 600 h).

ii. The high-volume GGBFS mixes show much higher expansion than
the OPC mix.

iii. For the GGBFS mixes, C3-42 shows higher expansion than the
others. C3-50 and C3-35 have a similar expansion magnitude, but
C3-50 shows a longer expansion phase.

Taking the first expansion peak as time-zero, the shrinkage process of
the 4 mixes is shown in Fig. 6. The results show that, after the expansion
peak, all high-volume GGBFS mixes show higher autogenous shrinkage
than the OPC mix, which is in accordance with existing studies [38,39].
Within the first 100 h, the high-volume GGBFS concrete with a low w/b
ratio (C3-35) shows drastic autogenous shrinkage, and afterward similar
shrinking rate can be observed for the 3 GGBFS concrete. With a higher
w/b ratio, C3-50 gains a second expansion peak, which seems to be
favorable for avoiding EAC. A slightly faster shrinking rate is also
observed for C3-50 when compared with the mix of a lower w/b ratio
C3-42. This contradicts existing studies [40,41] which concluded that a
lower w/b ratio corresponds to lower porosity and smaller pore size, and
should have higher autogenous shrinkage. However, due to the limita-
tions (e.g., temperature instability and friction) of ADTM, the autoge-
nous deformation curve is not smooth, and considering the
measurement error that may be involved, the slight difference between
the shrinking phase of C3-42 and C3-50 should not be seen as significant.

The autogenous deformation of the cement paste of C3-35, C3-42,
and C3-50 is measured by corrugated tube test [26], as shown in Fig. 7.
Note that due to the incorporation of the aggregate and much smaller
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sectional size of specimens used in the corrugates tube test, the absolute
values of the autogenous deformation measured by ADTM are signifi-
cantly lower than that by corrugate tube tests. Fig. 7(a) shows the
autogenous deformation curve by setting the time-zero the same as the
ADTM, and Fig. 7(b) shows the autogenous deformation after the
expansion peak. The results of all 3 GGBFS cement pastes resemble the
behavior of their concrete counterparts: at first, an expansion phase lasts
around 30 h, and then the shrinkage phase starts. Similar to the results of
concrete, the C3-42 gains the highest expansion peak and the C3-50
shows a lower shrinking rate after the first expansion peak. However,
due to the effects of dilution and restraint incorporated by aggregate and
the interfacial transition zone, the results of paste still preserve obvious
differences with concrete: 1) the expansion peak of C3-50 is notably
higher than C3-35, and the second expansion peak seems to be less
obvious; 2) the shrinking rate of C3-42 is higher than C3-50.

Overall, the results show that autogenous deformation of high-
volume GGBFS mix is characterized by a high expansion peak, which
can delay the appearance of tensile stress at an early age and therefore
reduce the EAC risk. After the expansion peak, the GGBFS mixes undergo
a faster autogenous shrinkage than the OPC mix. Especially for concrete
with a low w/b ratio at 50 ~ 150 h, the drastic autogenous shrinkage
indicates a high EAC risk. Comparing all the GGBFS mixes, both paste
and concrete results indicate that the mix with a medium w/b ratio (i.e.,
0.42) shows the highest expansion that can ease the EAC risk.

3.2. Stress evolution

3.2.1. Stress results

Under isothermal conditions ensured by water circulation, wood
mold insulation, and constant room temperature, the autogenous
deformation is restrained by the TSTM and the induced stress is shown in
Fig. 8. The stress evolution resembles the pattern observed in autoge-
nous deformation results: all mixes display an initial compression phase
and then go to tension phase. The expanding and shrinking process
observed in ADTM corresponds well with the stress decrease (i.e.,
compression) and increase (i.e., tension) observed in TSTM respectively.
The initial compression phase has a similar duration with the autoge-
nous expansion measured by the ADTM, which proves the validity of
combining ADTM and TSTM testing. Comparing the TSTM results, the
following pattern can be observed:

i. The GGBFS mix with a low w/b ratio C3-35 shows a fast increase
of stress among 50-150 h, which indicates a high risk of EAC.
ii. The OPC mix C1-42 shows the shortest expansion phase and
slowest stress evolution rate, which is even slower than the
GGBFS mix with a higher w/b ratio (C3-50).
iii. The GGBFS mix with medium w/b ratio C3-42 obtains compres-
sive stress that is similar to C3-35. Note that although C3-42 has
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Fig. 5. Autogenous deformation measured by ADTM.
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much higher expansion as measured in ADTM, the lower elastic
modulus and higher relaxation (see later in section 3.2.3) limits
the compressive stress level that can be induced by the restrained
expansion. However, compared to C3-50, the compressive stress
in C3-42 is noticeably higher, which compensates for more
shrinkage-induced tensile stress after the expansion peak and
finally leads to a similar tensile stress level.

3.2.2. Stress-strength ratio

To more accurately compare the EAC risk at different ages, the stress-
strength ratio is a straightforward index. The tensile strength of concrete
is closely correlated with the compressive strength and can be predicted
accurately by a closed-form formula [42-44]. To evaluate the EAC risk

quantitatively, this paper implements the formula proposed by the
Model Code 2010 [45] to estimate the development of splitting tensile
strength as follows:

0.3 x £.3,f. < 50MPa

fo(t) = (@)
212 x In(140.1 x f.) f. > 50MPa

where f.(t) is the estimated tensile strength at the age of t hours; f, is
the compressive strength measured at t hours, as shown in section 2.1. In
this study, the compressive strength tested at 1, 3, 7, 14, and 28 days is
used to estimate the tensile strength at corresponding ages, and then a
quadratic spline [46] is conducted to interpolate the estimated tensile
strength in a continuous time range. By dividing the stress results of
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Fig. 8 with the estimated tensile strength, the stress-strength ratio of the
4 mixes is shown in Fig. 9. Note that the negative values in Fig. 9 mean
that the sample is in a compressive phase and therefore represent no EAC
risk. The stress-strength ratio of the mix C3-35, C3-42, C3-50, and C1-42
exceeds 0 at 70, 127, 200, and 412 h, respectively, which denotes the
timing when tensile stress starts to accumulate. The stress-strength ratio
results show a similar but more straightforward and clearer pattern than
the stress results as follows:

i. The stress-strength ratio of the mix C3-35 shows a fast-increasing
rate before 150 h and a steady increasing stage afterward. A value
of 0.417 is reached at 785 h. In practical engineering design
normally the limit state value of the tensile stress-strength ratio is
given as 0.5. Moreover, the value 0.417 only represents the per-
centage of autogenous shrinkage-induced stress in tensile
strength under a favorable curing temperature of 20 degrees,
while the stress that may be induced by thermal and drying
shrinkage and designed loads are not accounted for. Therefore,
the stress-strength value of the mix C3-35 indicates a high EAC
risk.

ii. The OPC mix shows tensile stress at the latest age and reaches a
stress-strength ratio of 0.018 at 691 h, which proves that autog-
enous shrinkage-induced stress has negligible influence on the
EAC of OPC concrete with a medium w/b ratio (0.42).

iii. Although the tensile stress in C3-42 appears earlier than C3-50,
their stress-strength ratio maintains at a level lower than 0.2 at
the first 672 h and shows a similar increasing rate.

3.2.3. Relaxation

Stress relaxation is a significant factor that must be considered in the
quantification of early-age stress evolution in restrained concrete since
the creep/ relaxation of early-age concrete is very high [47-49]. Due to
the difficulties of continuous measurement of aging creep/ relaxation,
the inverse modeling by Bayesian Optimization can be applied in TSTM
tests, referring to the author’s previous study [50]. Besides, minute-long
creep tests [51,52] can also be applied since setting time. In this paper,
we aim to provide a qualitative understanding of how relaxation in-
fluences stress accumulation. Because the stress level is under 50 % of
tensile strength, it is reasonable to assume an ideal viscoelastic consti-
tutive model of concrete. Thereby, the stress is formed by the elastic part
oe and relaxed part oy, expressed as:

6(t) = 6,(t) — 6, (t) (2)

where o(t) is the overall stress measured by the TSTM tests. If the
aging relaxation modulus or the aging creep compliance is known,
following the Boltzmann superposition, the total stress can also be
expressed as the following convolution:
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o(t) = /Or R(1,1)&(d)dr 3)

where R(t,t’) represents the aging relaxation modulus at time t when
the load is applied at t’; € represents the enforced strain. To account for
the influence of relaxed stress on the overall stress evolution, we directly
calculate the relaxed stress by subtracting the elastic stress from the
overall stress measured by the TSTM. The elastic stress can be calculated
as:

ou(t) = /Ol E(t)é(t)dt @

where E is the elastic modulus. Applying the mid-point rule and
assuming the time step At as 1 h, the calculation of Eq(4) can be
expressed as:

t
1
Gu(t) = 20: E(t+ 5 At) x Ae(r) x At (5)
Substituting Eq(5) in Eq(2), the relaxed stress can be expressed as:
! 1
6, (t) = 20: E(t +5 A1) x Ae(r) x Ar—o(t) (6)

Due to the close correlation with compressive strength [53-55], the
elastic modulus E(t) is estimated by applying the formula recommended
by the Model Code 2010 [45]. Note that the validity of this estimation
was confirmed by comparing the influence of various formulas and the
estimated results of the C3-42 with the elastic modulus tests in the au-
thors’ previous study [50]. The formula used for estimating the elastic
modulus is as follows:

fe(r)
10

E(r) = Eoas(-57) @

where E is a coefficient and equals 21500 MPa; g is the coefficient
for different aggregates ranging from 0.7 to 1.2. Considering the ag-
gregates used in the tests are mainly quartzite gravel, ag equals 1.0 in
this study. Following Eq(5 ~ 7), the elastic and relaxed stress can be
calculated, as shown in Fig. 10. A significant influence of relaxation on
stress accumulation before the expansion peak is observed, which
directly results in the decrease of compressive stress and accelerates the
occurrence of tensile stress. Afterward, the relaxed stress steadily de-
creases and most elastic stress is preserved as the total stress. This can
also be seen from the similar increase rate of the overall stress and elastic
stress. The results here show that the influence of creep/ relaxation on
the EAC risk of GGBFS concrete is negative. The high creep/relaxation at
an early-age compromise the effect of early-age autogenous expansion
reduces the compressive stress in the first 1 ~ 3 days and exposes the
restrained concrete to tensile stress earlier. To efficiently and precisely

Stress-strength ratio/ 1
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400 500 600 700 800

Time/ hours

Fig. 9. Stress-strength ratio.
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Fig. 10. Relaxed stress.

quantify the aging creep/relaxation, one can refer to the authors’ pre-
vious study [50].

3.3. Autogenous expansion due to ettringite formation

3.3.1. ESEM results

Using ESEM with magnifications of 5000x (left) and 20000x (right),
the distribution and morphology of ettringite can be observed. Repre-
sentative ESEM images of the 3 mixes C3-35, C3-42, and C3-50 at 1 day
are shown in Fig. 11. The 5000 x images were taken at porous areas of
the samples and the 20000x images were the zoomed-in view of one of
the large pores. The 5000x ESEM images show that ettringite mostly
appears in porous regions where continuous hydration happens and
fibrous CSH grows. The 20000x SEM images show the existence of rod-
like ettringite in all mixes. The GGBFS mixes with higher w/b ratios (i.e.,
0.42 and 0.50) have more porous areas and tend to obtain more
ettringite with larger rod sizes. For the C3-50 mix, scattered ettringite
grows in large pores, which indicates limited crystalline pressure and
therefore lower autogenous expansion. While for mix C3-42, dense
clusters of ettringite with large rod size fill in relatively smaller pores,
which indicates considerable crystalline pressure resulting in higher
autogenous expansion. These observations are consistent with the
aforementioned ADTM and TSTM tests of all 4 mixes. Quantitative ev-
idence will be found in the QXRD and MIP test results as follows.

3.3.2. XRD and Rietveld refinement

The aforementioned ADTM/ TSTM tests show high autogenous
expansion in high-volume GGBFS concrete, indicating a high amount of
ettringite. Therefore, the GGBFS mixes C3-35, C3-42 and C3-50 were
selected to conduct XRD analysis at the age of 2 days. Meanwhile, to
distinguish the pattern of how ettringite content evolves with time, the
ettringite content of the mix C3-42 at 1, 2, and 3 days were also tested.
Before the XRD test, 10 % silicon was added to the sample powder as an
internal standard, and then Rietveld refinement [56] was conducted to
decompose the raw XRD curve. By predefining the mineral types of
different hydration products and clinkers that exist in early-age GGBFS
paste, the decomposition is conducted based on the program BGMN [57]
and the ICDD database. As shown in Fig. 12, considerably good fitting
performance was obtained for all XRD patterns of all samples, whose
weighted profile R-factors (Rwp) were all lower than 2.0 %.

The intensity of ettringite at 9 degrees measured by the XRD and the
mass fraction of ettringite calculated by Rietveld refinement is shown in
Fig. 13, which exhibits excellent consistency with the ADTM/ TSTM
results in the following 2 aspects:

. Comparing the GGBFS samples with different w/b ratios at 2 days (i.
e., C3-35-2d, C3-42-2d, and C3-50-2d), the sample C3-42-2d con-
tains the highest amount of ettringite. The aforementioned ADTM/
TSTM tests exhibited the consistent pattern that the C3-42 sample
obtained the highest expansion peak and high compressive stress.

. Comparing the GGBFS samples with the same w/b ratio at 1, 2, and 3
days (i.e., C3-42-1d, C3-42-2d, and C3-42-3d), it is found that a
considerable amount of ettringite is produced in the 1st day, and
then keep increasing until the 2nd day. Afterward, the amount of
ettringite starts to decrease and transform into calcium mono-
sulfoaluminate. This is also consistent with the ADTM/ TSTM finding
that the expansion peaks of GGBFS mixes are all on the 2nd day.

3.3.3. MIP results

The pore structure not only influences the capillary tension that can
be induced by the self-desiccation but also determines the crystalline
pressure that can be generated by the ettringite formation. Given this,
the MIP tests are conducted on the 3 high-volume GGBFS cement pastes
at 1 and 3 days. The results are shown in Fig. 14~ Fig. 15. The MIP tests
enable the following analysis:

i. The rank of the critical pore entry radius (CPER) (i.e., the point
where the steepest slope of the dV/dlogD curve is observed in
Fig. 14) is C3-35« C3-42 < C3-50. The “«” means that the CPER of
the C3-35 is much smaller than others. The “<” means that the CPER
of the C3-42 is lower than C3-50 after 1 day, but they are close after
3 days. According to Kelvin’s Equation, the capillary tension that can
be induced by self-desiccation is also dependent on the pore size:
smaller pores correspond to higher capillary tension and therefore
cause higher autogenous shrinkage. In the ADTM/ TSTS tests, the C3-
35 showed the fastest autogenous shrinkage and therefore generated
more tensile stress. Overall, based on Kelvin’s Equation, the ADTM/
TSTM results of all the GGBFS mixes can be explained by the rank of
CPER.

i. After 1 day, the CPER of the mix C3-42 is lower than that of C3-50,
which means that the pore size of C3-42 is generally much smaller
than C3-50. Therefore, even though with similar ettringite amounts
and overall porosity, the pores of C3-42 are easier to be filled, and
more crystalline pressure can be applied to the pore walls. This ex-
plains why the expansion peak of the C3-42 is significantly higher
than C3-50.
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Fig. 10. (continued).

4. Discussion conducted in this study, the influence of adding high-volume GGBFS on

EAC risk is a complex result of the changes in autogenous deformation
Based on the ADTM/ TSTM tests and ESEM/ XRD/ MIP tests and mechanical properties. In the first 2 days after casting, ettringite
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Fig. 11. SEM images of ettringite formation for high volume GGBFS mixes at 1 day (left: porous area; right: zoomed-in view of large pores).

formation induces significant autogenous expansion. After 2 days,
GGBEFS either acts as filler or promotes the pozzolanic reaction, which
contiguously refines the pores and consumes water. As a result, the
capillary pressure that can induce autogenous shrinkage is effectively
promoted, according to Kelvin’s equation. Therefore, in the first 2 days,
the influence of GGBFS is favorable for preventing EAC risk, because the
high expansion introduces compressive stress and delays the occurrence
of tensile stress. However, due to the high early-age creep/ relaxation,

10

most of the compressive stress that should have been accumulated by the
autogenous expansion is relaxed. The advantage of the autogenous
expansion cannot leverage the increased autogenous shrinkage after-
ward, and therefore the EAC risk induced by autogenous shrinkage of
high-volume GGBFS concrete is higher than that of OPC concrete.
Among the high-volume GGBFS concrete with w/b ratios of 0.35,
0.42, and 0.50, the w/b ratio of 0.42 appears to be the most favorable
choice when considering the compressive strength and the EAC risk
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tensile stress. For the mix C3-50, although the ettringite amount is
comparable with the C3-42, larger pore size limits the effective contact
between ettringite and pore walls, and therefore only limited autoge-
nous expansion is observed. However, note that the observations are
valid when it comes to autogenous deformation, while when thermal
and drying deformation is involved, more factors like the structural sizes
need to be considered and thus the final EAC risk for different mixes may
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Fig. 13. Ettringite content measured by XRD.

quantified by stress/ strength ratio. Such an advantage is achieved
mainly by the compatibility of ettringite formation and pore size evo-
lution. C3-42 generates the highest amount of ettringite which can fill
the pores and apply crystalline pressure to induce high autogenous
expansion. For the mix C3-35, less ettringite is produced, and therefore
only limited autogenous expansion is observed. Afterward, along with
the fast decrease of the pore size and the internal relative humidity, the
autogenous shrinkage goes fast and results in the rapid increase of
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change.

The presented study found significant agreement between the
macroscale TSTM/ ADTM tests and microscale ESEM/ XRD/ MIP tests,
and therefore the major conclusions are valid. However, in the TSTM/
ADTM test results, the fluctuations of measurement with time still
indicate a potential error in the macroscale test. This error can be
attributed to the temperature instability and the friction between the
sample and the supporting plate. Because the dog-bone specimens of
TSTM tests are all larger than 1 m, almost all TSTM tests (including this
study) are conducted horizontally [58-62]. The self-weight of concrete
and the contact between the specimen and the supporting table makes
the influence of friction unavoidable, which may further cause jumps in
the stress and deformation measurement. Based on the temperature
regulating system introduced in section 2.2, the temperature at the
middle thermocouple is fixed at 20 degrees. To show how temperature
control influences the measurement, the temperature measurement of
the C3-42 is given as an example, as shown in Fig. 16. It is found that the
temperature in the middle part of the dog-bone specimen was well
controlled at 20 degrees, with an error range of 0.05 degree. The tem-
perature at the two ends of the specimen, where water circulation
cannot reach, has a temperature close to the room temperature of
around 19.5 degrees. To keep the temperature of the middle part spec-
imen at 20 degrees, the water with a temperature of around 20.7 degrees
circulates the middle part of the sample. Therefore, the measurement
indicates a temperature difference of less than 1 degree exists in both
length-wise and depth-wise direction. Moreover, because the room
temperature is not stable, it can influence the temperature of the spec-
imen at the two ends directly, and can also influence the feedback
control to adjust its water temperature, indicating a change of temper-
ature at the specimen surface also happens. All the factors mentioned
above are potentially responsible for measurement jumps in both
autogenous deformation and restraint stress.

5. Conclusion

To investigate the EAC risk of high-volume GGBFS concrete, herein
ADTM and TSTM tests were conducted to measure the autogenous
deformation and induced EAS on high-volume GGBFS concrete with w/b
ratios ranging from 0.35 ~ 0.5. Besides, an OPC mix with a medium w/b
ratio is also tested as a reference. ESEM/ XRD/ MIP tests were also
performed to study the mechanisms of autogenous deformation of
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GGBFS concrete at the microscale. The results of the macro-scale ADTM/
TSTM tests and micro-scale ESEM/ XRD/ MIP tests agree well, which
validates the measurement of this study. The following conclusions are
available:

i. High-volume GGBFS concrete shows higher autogenous expan-
sion in the first two days and higher autogenous shrinkage af-
terward than OPC concrete.

ii. The EAC risk induced by autogenous deformation of high-volume
GGBFS concrete is higher than OPC concrete, because the
compressive stress induced by early-age autogenous expansion is
limited by high creep/ relaxation, and the higher autogenous
shrinkage of GGBFS concrete plays a more significant role in
tensile stress evolution.
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Fig. 16. Temperature measurement of C3-42.
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iii. The w/b ratio of 0.42 might be the optimal choice for high-
volume GGBFS concrete because it produces the highest
amount of ettringite and develops compatible pore size to ensure
effective contact between ettringite and pore walls, which further
leads to the highest autogenous expansion and therefore high
compressive stress as observed in this study.

The w/b ratio of 0.35 appears to be risky for high-volume GGBFS
concrete regarding EAC potential. Due to the fast decrease of pore
size and porosity, autogenous shrinkage of the high-volume
GGBFS concrete with a w/b ratio of 0.35 happens drastically
after the expansion peak, which then shows the highest stress/
strength ratio.
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