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Branko Šavija a

a Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, 2628, CN, the Netherlands
b Department of Mechanical Engineering, Eindhoven University of Technology, Eindhoven, 5600MB, the Netherlands

A R T I C L E I N F O

Keywords:
Early-age cracking
Temperature stress testing machine
Elastic modulus
Autogenous deformation
Creep/ relaxation

A B S T R A C T

Temperature Stress Testing Machine (TSTM) is a universal testing tool for many properties relevant to early-age
cracking of cementitious materials. However, the complexity of TSTMs require heavy lab work and thus hinders a
more thorough parametric study on a range of cementitious materials. This study presents the development and
validation of a Mini-TSTM for efficiently testing the autogenous deformation (AD), viscoelastic properties, and
their combined results, the early-age stress (EAS). The setup was validated through systematic tests of EAS, AD,
elastic modulus, and creep. Besides, the heating/cooling capability of the setup was examined by tests of coef-
ficient of thermal expansion by temperature cycles. The results of EAS correspond well to that of AD, which
qualitatively validates the developed setup. To quantitatively validate the setup, a classical viscoelastic model
was built, based on the scenario of a 1-D uniaxial restraint test, to predict the EAS results with the tested AD,
elastic modulus, and creep of the same cementitious material as the input. The predicted EAS matched the testing
results of Mini-TSTM with good accuracy in 6 different cases. The viscoelastic model also provided quantitative
explanations for why variations in early AD do not influence the EAS results. The testing and modelling results
together validate the developed Mini-TSTM setup as an efficient tool for studying early-age cracking of
cementitious materials. At the end, the potential limitations of the Mini-TSTM are discussed and its applicability
for concrete with aggregate size up to 22 mm is demonstrated.

1. Introduction

Early-age cracking (EAC) is a significant problem in the construction
of concrete structures. When the early-age shrinkage (e.g., thermal,
autogenous, and drying shrinkage) is restrained, tensile stress accumu-
lates and EAC happens if the tensile stress exceeds the tensile strength of
concrete, leading to economic issues for the contractors and degrading
the durability of the concrete structures. A proper setup for testing the
early age stress (EAS) evolution is essential for assessing the EAC po-
tential and preventing EAC problems.

Many experimental setups have been proposed for testing the EAS
evolution, including the rigid cracking frame test [1], ring test [2,3],
internal restraint test [4], and temperature stress testing machine
(TSTM) test [5,6]. Among these testing methods, the TSTM stands out
with advantages in explicit and flexible mechanical loading schemes,
active temperature control, and tunable restraint degree [7]. With

TSTM, a broad range of parameters can be studied, including different
temperature profiles, mixtures, creep/relaxation, and shrinkage on the
EAS evolution. Such parametric studies are important for understanding
EAC problems and developing numerical models for predicting EAS
evolution. The EAS is a complex result of environment, mixture, mate-
rial behaviors, and material properties, as shown in Fig. 1. Based on the
concrete behaviors and properties (tested by TSTMs) corresponding to a
certain mixture and environmental condition, the evolution of EAS in
restrained concrete structures can be calculated by analytical or finite
element (FE) approaches based on a viscoelastic mechanical model or
thermo-chemo-mechanical framework [8–12]. Therefore, the TSTM is a
powerful tool not only for testing the EAS itself but also for laying the
basis for developing modeling techniques of EAS evolution.
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1.1. General design of TSTM

A typical TSTM system canmeasure the EAS evolution of a restrained
dog-bone specimen and the deformation of a free specimen, as shown in
Fig. 2. In each specimen, 2 bars are embedded in the middle part to be
attached with the Linear Variable Differential Transducers (LVDTs) used
to measure the deformation of the middle part (i.e., εr and εs). The dog-
bone specimen is fixed at one end and connected to an actuator and a
load cell at the other end to apply a force, F. A set of cryostats, water
pipes, and molds with embedded water channels is used to circulate
water around the specimens and regulate the temperature therein. Two
feedback control loops (FL1 and FL2) are used typically based on the
proportional–integral–derivative (PID) controller. To fulfill the full-
restraint condition, the value of the force F is determined by the feed-
back loop FL1 to fix the value of εr at 0. To make sure that the tem-
perature in the specimen follows the pre-specified value, the feedback
loop FL2 is used to adjust the temperature of water Tw according to the
temperature in the specimen Tc measured by thermocouples. As an
example, the TSTM system at the TU Delft is shown in Fig. 3.

1.2. Summary of representative TSTMs

In line with the basic design principles described in section 1.1, a
number of TSTMs have been devised and applied in research related to

the EAC of concrete. In Table 1, TSTMs from different institutes are
compared in terms of specimen size, strain measurement, displacement
control, and time-zero. All analyzed TSTMs use specimens longer than
1000 mm. The methods for measuring strain in the middle part of
specimens differ the most among different TSTMs. The description in
Table 1 about the strain measurement contains information on the
location and number of LVDTs. For example, the strain measurement of
TSTM at the TU Delft [14] is done by arranging 4 LVDTs at the two sides
of the specimens. As for the control method to fulfill the full-restraint
condition, most TSTMs (except the one at the TU Delft) control the
force applied by the actuator using the stepping control method: if the
deformation of the specimen exceeds a certain threshold, the actuator
connected to the free end of the dog-bone specimen will apply a force to
pull/push the specimen to its original position. In comparison, the TSTM
at the TU Delft applies a PID controller to continuously fix the measured
deformation at 0, which does not depend on the (arbitrary) threshold
value. The selection of time-zero (i.e., the timing to start the test) also
differs between different tests. Ideally, the time-zero should be set
exactly after the placement of the fresh mixture. However, the selection
of time-zero also depends on when the specimen is hardened enough to
support the embedded bars. Criteria related to the stress level or setting
time are often used to decide when the tests should be started.

The major concern of the existing TSTMs lie with their complexities
and high cost. For each test, the process of pre-test installation, casting,
and post-test disassembling is time-consuming and requires consider-
able manpower [19]. Existing TSTMs with a size typically longer than 1
m require more material and efforts. Taking the TSTM at the TU Delft as
an example [14], a single TSTM test requires the teamwork of 3–4
people for 2 full working days (8 h per day) to cast 80 L of fresh material
for 1 restrained specimen and 2 free specimens. As explained in Fig. 1,
the EAS are the combined results of restrained deformation and visco-
elastic properties. Correspondingly, the tests of autogenous deformation
(AD), elastic modulus, creep, and EAS are required to develop a quan-
titative model of EAC assessment, which means the same mixture needs
to be tested at least twice in the TSTM systems as in Fig. 2, neglecting the
repeatability of each test. The high costs of TSTM tests hinder the use of
such a powerful testing tool in understanding relevant mechanisms of
the EAC of different cementitious materials, which is the main motive of
this study to develop a more efficient version of this test setup.

Other concerns with the existing TSTMs are as follows:

1) In the TSTMs that use stepping control to provide full-restraint, the
selection of threshold value is often subjective and can influence the
testing accuracy [7,21].

2) The arrangement of LVDTs for strain measurement, which provides
input for the feedback loop for the actuator (i.e., FL1 in Fig. 1), is
often an issue that influences the credibility of the TSTM [21] and
therefore a focus of recent studies on improved TSTMs [19,20].
Comparing the TSTMs listed in Table .1, some points have been made
clear about the arrangement of LVDTs for strain measurement: 1)
Instead of measuring the deformation at one side of the specimen, it
should be measured at both sides to detect possible eccentric

Fig. 1. Schematic diagram of EAS evolution.

Fig. 2. Schematic diagram of a TSTM system.

M. Liang et al.
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deformations; 2) Rather than measuring the deformation of the
dog-bone specimen at the cross-head, it is favorable to measure the
deformation at the straight part, where no stress concentration are
present and therefore the result can be reliably used as input for
numerical models; 3) The LVDTs should not be directly attached to
the loading grip; otherwise, any slip between the loading grip and the
specimen will also be included in the strain measurement, resulting
in possible errors.

3) In most of the existing TSTMs, the specimens are tested horizontally,
and friction may occur between the hardening specimen and the
mold at the bottom. This may introduce further errors to the
measured stress. Some measures to reduce the influence of friction
were proposed, such as the use of Teflon sheets [19] and roller
supports [20].

1.3. Significance of this study

In view of the main concerns of the existing TSTMs, we propose a
lighter and smaller version of TSTM that can be more efficiently
implemented while maintaining good testing accuracy. The design of
the efficient Mini TSTM and testing procedures for different early-age
material behaviors and properties is introduced in section 2. In sec-
tions 3 and 4, systematic validation schemes are designed to test the
repeatability and reasonability of the mini-TSTM. Moreover, based on a
viscoelastic model, the AD, elastic modulus, and creep compliance
measured at different ages using the mini-TSTM are used to calculate the
EAS in different cases. The good matches between the calculated EAS
and that tested by the mini-TSTM directly validate the newly-designed
setup.

2. The Mini-TSTM

2.1. Setup design

The new mini-TSTM should be simple and efficient. The overall
design of the mini-TSTM is shown in Fig. 4. The total length of the
specimen is 300 mm and the area of interest (i.e., the middle part of the
specimen) is 50 × 50 × 100 mm3 (Fig. 4(c)), which is significantly
smaller than that of the TSTMs summarized in section 1.2. The small size
of the Mini-TSTM enables direct installation of the setup into the Instron
universal loading machine (see Fig. 4(b)), which is equipped with a load
cell of 10 KN with an accuracy of 1 N. Therefore, the Mini-TSTM can be
loaded vertically, which minimizes the influence of friction that can
happen in horizontally loaded TSTMs (see section 1.2). Note that the
section size of specimen 50 × 50 mm2 will limit the maximum size of
aggregate that can be used. However, this size is limited by the utilized
loading machine, and can be increases if a more capable loading ma-
chine is available. The design of the AD testing machine (ADTM) is the
same as the TSTM, except for the steel-made parts at two ends of the
specimen. The test of AD by the Mini-ADTM is also conducted vertically,
which reduces the influence of friction happening frequently in hori-
zontal test. The design of Mini-TSTM/ADTM is introduced in the
following aspects: 1) Mold, 2) Strain measurement, 3) Temperature
control and 4) Assembly procedures.

Fig. 3. The TSTM at the TU Delft: (a) Setup for the restrained specimen; (b) Setup for the free specimen [13].

Table 1
Summary of representative TSTMs.

Source Year L*W*H (mm) Strain
Measurement

Control Time-
Zero

TUM
[15]

1984 1500
*150*150

Two-side, 2
LVDTs

Stepping Stress
0.01
MPa

Israel IT
[16],
Hohai
U [6]

1990,
2015

1500*150*150 Free-end, 1
LVDT

Stepping Stress
0.01
MPa

NTNU
[17,
18]

1995,
2012

1000*88*100 Two-side, 4
LVDTs

Stepping Initial
setting

TU Delft
[14]

2000 1450*150*100 Two-side, 4
LVDTs

PID Setting
time

UQ [19] 2018 1200*80*80 Top-side, 4
LVDTs

Stepping Setting
time

UTokyo
[20]

2022 1200*120*120 Top-side 2
LVDTs at two
ends before 24 h
and two-side 2
LVDTs
afterward

Stepping Setting
time

M. Liang et al.
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2.1.1. Mold
The mold of the Mini-TSTM is manufactured using Stereolithography

(SLA) 3D printing with white powder-based polyamide (PA 2200),
which is one of the most versatile 3D printing materials with good
performance in strength, flexibility, and heat resistance. As shown in the
middle of Fig. 4(a), the mold of the Mini-TSTM includes 3 covering
plates (C1, C2, C3), 2 side plates (S1, S2), 2 crosshead plates (CH1, CH2),
and 1 back plate (B1). In the Mini-TSTM, the plates CH1 and CH2 are
made of steel, while in the Mini-ADTM the CH1 and CH2 are made by 3D
printing with PA 2200. The assembly of all the plates is mainly by

bolting. In each plate, except CH1 and CH2, water channels were
designed and the inner surface of the plates in contact with the specimen
is sealed with a copper plate (see upper right of Fig. 4(a)), which ensures
good heat conduction and is therefore favorable for temperature
regulation.

2.1.2. Strain measurement
The strain measurement of the Mini-TSTM and Mini-ADTM are both

done by embedded steel bars, plastic plugs, LVDTs, invar bars, and
magnetic blocks. The embedded steel bar has a length of 13.3 mm and
diameter of 3 mm. As shown in the left of Fig. 4(a), before casting the
fresh mixture in the mold, the embedded bar should be fixed by plugs
(shown in red). Afterward, when the specimen is nearly hardened and
the test is about to start, these plugs can be removed and the LVDTs can
be attached to the embedded bars. The LVDT we used is an inductive
displacement transducer that requires no contact during measurement.
The LVDT is manufactured by Solartron Metrology and is composed of a
hollow bobbin (static transformer) and a magnetic core (armature) (see
the lower left of Fig. 4(a)). As the core travels in the hollow bobbin, the
voltage changes are related to the displacement. The measurement
range of the adopted LVDT is ±1 mm and the precision is 0.01 μm. The
assembly of the strain measurement components can be seen in Fig. 4(c):
first, the LVDT core should be glued to the lower side of the invar bar;
then, with magnetic blocks as the connection, the upper side of the invar
bar is attached to the upper embedded bar and the LVDT hollow bobbin
is attached to the lower embedded bar. Thereby, the LVDT core can be
set in the LVDT hollow bobbin to measure the deformation between the
upper and lower embedded steel bars.

2.1.3. Temperature regulation
Temperature is regulated by circulating water in the plates C1, C2,

C3, S1, S2, and B1. Each of these plates has water channels (Fig. 4(a)
upper right) and a water inlet/outlet (Fig. 4(a) upper middle). As shown
in Fig. 4(d), a parallel connection is used to circulate the water around
the specimen: heated/cooled water is firstly pumped out from the
cryostat to the inlet distributor, transported to each of the plates, and
then sent back to the cryostat via the outlet distributor. The plastic water
tubes, tube joints, water inlet/outlet, and distributors were manufac-
tured by FESTO with a diameter of 3 mm and 8 mm. The thermocouple
has an exposed welded tip (0.2 mm in diameter) and is produced by
LABFACILITY with a measurement range of − 75~250 ◦C and precision
of 0.05 ◦C. Thermocouples are inserted into the middle of the specimen
through the hole of plates C2 to measure the temperature inside the
specimen. The temperature measured at plate C2, which is in the center
of the specimen, is then set as the controlled objective of the temperature
PID controller. Therefore, the water temperature of the cryostat can be
continuously adjusted to ensure that the temperature at the center of the
specimen follows the specified value.

2.1.4. Assembly procedure
The assembly of the Mini-TSTM and Mini-ADTM is shown in Fig. 5.

Before the test, the plates CH1, CH2, S1, S2, and B1 should be firstly
assembled by bolting to form the base mold. A layer of thin rubber (or
plastic sheet) is laid on the inner surface of the mold to prevent leaking
of fresh material. Then, the two embedded bars should be fixed in po-
sition by the plugs. Afterward, the specimen can be casted in the base
mold, and another layer of rubber/plastic sheet is placed on top of the
specimen. Then the plates C1, C2 and C3 are covered on top and fixed by
bolts. Finally, the thermocouples are inserted into the fresh specimen
and the water circulation systems are assembled by connecting all the
water tubes and joints to control the temperature. Note that during all
the procedures mentioned above, the specimen is still liquid and should
be kept horizontally.

After a few hours (3–4 h in this paper, corresponding to the initial
setting time of adopted cements), the Mini-TSTM and ADTM can be put
vertically. The Mini-ADTM is placed freely, while the Mini-TSTM is

Fig. 4. The mini-TSTM: (a) overall design; (b) the efficient TSTM installed in
the loading machine; (c) geometry of the dog-bone specimen (unit: mm); (d)
parallel connection of water circulation system.

M. Liang et al.
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installed to the universal loading machine. As shown in Fig. 5(b), the
plugs were removed and the LVDTs should be set up for strain mea-
surement as described in section 2.1.2. Moreover, at this step, the bolts
connecting the plate CH1 to the plate B1 should be fully removed, to
ensure that the upper cross head of the specimen can move freely. The
bolts connecting the plates S1, S2 to the plate B1 should be loosened to
remove lateral restraint to the specimen brought by plates S1 and S2.
Only the four bolts connecting the plate CH2 to B1 should be fully fixed,
which fulfills a fixed crosshead.

2.2. Improvements

In view of the concerns of existing TSTMs discussed in section 1.3,
the Mini-TSTM results in the following improvements:

1) With the 3D printed plates, the mold of Mini-TSTM can be assembled
and disassembled precisely and efficiently simply by bolting. The
process of pre-test installation, casting, and post-test disassembling
for the Mini-TSTM takes approximately 2 h for a single operator. For
eachMini-TSTM and ADTM test, the volume of fresh material needed
is around 0.7 L, which is significantly less than the existing TSTMs.

2) In theMini-TSTM test, the full-restraint is achieved continuously by a
PID controller. The PID controller takes the deformation measured
by the LVDTs as input and continuously adjusts the applied force of
the universal loading machine to fix the deformation at zero.
Compared to the frequently used stepping control mode (see section
1.2), the Mini-TSTM does not require an input of threshold value
which may influence the test result.

3) The strain in the Mini-TSTM is measured by only two LVDTs, less
than most TSTMs introduced in section 1.2. The LVDTs are posi-
tioned at the middle (i.e., straight) part of the specimen and therefore
the influence of stress concentration near the two crossheads can be
eliminated. Meanwhile, The LVDTs are arranged at the two sides of
the specimen and therefore any eccentric deformation of the spec-
imen can be detected. The connection of LVDTs by magnetic blocks
makes the assembly of LVDTs easier and more efficient compared to
existing TSTMs.

4) In the Mini-TSTM test, the specimen is loaded vertically. Meanwhile,
by removing the upper bolts and loosening the middle bolts, the
specimen is detached from the covering plates. Therefore, in prin-
ciple, the influence of friction that happens in most TSTMs (see
section 1.2 is) eliminated in the Mini-TSTM test.

3. Methods and validation schemes

The validation of the Mini-TSTM and ADTM is conducted experi-
mentally and theoretically. The experimental validation contains the
tests for EAS evolution, elastic modulus, aging creep, and AD, which
together form the experimental validation as shown in the left of Fig. 6.
Afterward, the measured AD, elastic modulus, and aging creep compli-
ance function will be used as input of a viscoelastic model to simulate
the EAS evolution. Finally, the EAS evolution derived by the Mini-TSTM
test, and the EAS evolution calculated by the viscoelastic model can be
compared, as shown in the right of Fig. 6.

Fig. 5. Assembly of Mini-TSTM and ADTM: (a) Assembly steps; (b) Bolts removal.

Fig. 6. Validation schemes.

M. Liang et al.
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3.1. Experimental methods

3.1.1. EAS test
The most common objective for TSTM is the EAS evolution, which is

a direct index of EAC potential and therefore is the goal of all models
related to EAC issues. To test the EAS evolution, the PID controller
should be used to control the universal loading machine based on the
input of LVDT, to fulfil the full-restraint condition as described in section
2.1.3. Besides, in this test, the temperature in the specimen is main-
tained constant (see section 2.1.3). Therefore, only the stress induced by
AD is measured. The EAS evolution (measured by the Mini-TSTM) needs
to be at the same time as the test of AD (measured by the Mini-ADTM).
The same batch of fresh material should be used in these two tests. Of
course, in real application the temperature will not be constant and the
stress caused by restrained thermal expansion and contraction has to be
included in the EAC. Furthermore, all properties, like autogenous
shrinkage, E-modulus and creep will be influenced by the temperature
changes. These influences are generally taken into account in FEM-
models through a maturity concept model. The validity of these
models will be studied with the setup at a later stage.

3.1.2. Elastic modulus and aging creep
The elastic modulus and aging creep are core parameters reflecting

the viscoelastic properties of cementitious materials and directly
determine how much stress can build up when the shrinkage is
restrained. In this study, the elastic modulus and aging creep are key
input parameters for the viscoelastic model to predict the EAS evolution,
which can then be compared with the experimentally-measured EAS.

To test the elastic modulus and aging creep, an hourly-repeated load
is applied to the sample. Assuming that the influence of aging within a
time interval ranging from minutes to hours can be neglected, repeated
load cycles were used to test the aging creep of cementitious materials at
different ages [22,23]. In this study, the magnitude of the
hourly-repeated load is determined by the TSTM test results, and the
period of each cycle is 1 h. An example of the repeated load cycle for
such a test is shown in Fig. 7. The hourly-repeated loading cycles consist

of a loading phase, sustained load phase, unloading phase, and phase of
sustaining at a nearly zero load. The loading and unloading phases are
short (t0 = 30 s in this study), allowing the elastic modulus at a certain
age to be tested. Meanwhile, the loading speed ensures that the duration
of the loading/unloading phase is smaller by two orders of magnitude
compared to the creep test [23]. The sustained load phase at a certain
load typically lasts longer (tc = 3600 s in this study), allowing the creep
compliance at a certain age to be tested. Aging creep needs to be tested
at the same time as the test of AD test and using same batch of fresh
material.

3.1.3. Autogenous deformation test
AD occurs due to cement hydration: self-desiccation effects induce

internal capillary pressure and results in the contraction of the micro-
structure [24–28]. The thermal deformation and drying deformation are
mainly the results of heat transport and moisture transport between the
cementitious material and the environment and therefore depend on
many factors including not only the material properties but also the
structural geometry and environmental conditions [29–31]. In com-
parison, AD is an intrinsic material behaviour and the EAC issues it may
induce are the main focus in the validation of the Mini-ADTM and
Mini-TSTM. In the theoretical validation part, the measured AD will be
used as input, together with the elastic modulus and aging creep, to
predict the EAS results and compare with the EAS tested by Mini-TSTM.

To test the AD, the Mini-ADTM is used, which adopts the same type
of mold as the Mini-TSTM, except that the plates CH1 and CH2 in Mini-
TSTM are made of steel, while in Mini-ADTM they are made of 3D
printing PA1200 powder. In this test, the Mini-ADTM just stands verti-
cally and the temperature in the specimen is controlled at a constant
value based on the temperature regulation system (see section 2.1.3).
Therefore, thermal and drying deformation are excluded, and only the
AD is measured.

3.1.4. Coefficient of thermal expansion (CTE) test
The test of CTE is performed to validate the following two aspects: 1)

the reasonability of the measured evolution process of CTE; 2) the
heating/cooling efficiency of the designed Mini-TSTM and ADTM sys-
tems, which will be shown by a fast heating/cooling temperature profile
with a rate of 5 ◦C/hour; To test the CTE, the Mini-ADTM test is con-
ducted under a cyclic temperature profile. An example of such temper-
ature cycles is shown in Fig. 8(a). Under such temperature cycles, the
total deformation measured by the ADTM is the sum of AD and thermal
deformation. Assuming that within each temperature cycle, which lasts
for 2tT, the effects of aging can be neglected and the AD is constant (i.e.,
εau,h = εau,c in Fig. 8(b), where εau,h and εau,c stands for the AD during
subsequent heating and cooling phase). Assuming that the coefficient of
thermal contraction (CTC) is the same as the CTE [19], within the
heating phase of each temperature cycle, the total deformation can be
calculated as:

Fig. 7. Hourly repeated load for elastic modulus/aging creep test (t0: 30 s
loading time for testing elastic modulus; tc: 3600 s sustaining at a constant load
for testing creep).

Fig. 8. Examples of a CTE test: (a) Temperature cycles; (b) Deformation.

M. Liang et al.
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εtoh =CTE× ΔTh + εau (1)

In the subsequent cooling phase, the total deformation can be calculated
as:

εtoc =CTC× ΔTc + εau (2)

where εau is the autogenous shrinkage in the heating/cooling phase; ΔTh
and ΔTc are the temperature change in the heating and cooling phase,
respectively; εtoh and εtoc are the total strains that happen in the heating
and cooling phases, respectively. By calculating Eq (1) –Eq (2), one can
calculate the CTE as follows:

CTE=
εtoh − εtoc

ΔTh − ΔTc
(3)

3.2. Detailed validation schemes

The validation of the Mini-TSTM is conducted by the tests described
in section 3.1 based on cement paste made of two types of cement, CEM I
42.5N and CEM III/B 42.5N. Both cements were manufactured by the
Eerste Nederlandse Cement Industrie (ENCI). The main chemical com-
positions of the two cements are listed in Table 2.

A detailed experimental validation scheme of the Mini-TSTM is listed
in Table .3. The materials are labeled to show difference in cement types
and w/b ratios. For example, “C1-30” stands for the material that uses
CEM I and a w/b ratio of 0.30. In this study, it was found that even for
the same type of cement, some testing results (i.e., initial shrinkage and
autogenous expansion) can vary significantly if different batches of
cement are used (see section 4). For the tests using CEM I paste, different
batches of cement were used in different tests. For the cement type CEM
III/B, two batches of cement were used. The C3-30 and C3-35 were from
the first batch of CEM III/B, while the C3-30A was from the second
batch. It should be stressed that this study aims to validate the proposed
Mini-TSTM and Mini-ADTM setup. Therefore, while the variability of

material behavior of the same type of cement can be detected by the
proposed setup, the mechanisms behind this variability are outside of
the scope of the current study.

In tests 1–6, both the Mini-ADTM and Mini-TSTM were performed at
a constant temperature of 20 ◦C. In test 7, only the Mini-ADTM test was
performed, and a cyclic temperature profile was used. In tests 1 and 2,
the repeatability of the setup was examined. In test 1, both passive (C1-
30-P1 and C1-30-P2) and active (C1-30-A1) temperature control
methods were used. The active temperature control method has been
described in section 2.1, where a PID controller will be used to actively
adjust the water temperature to fix the temperature measured in the
center of the specimen at a constant value (i.e., 20 ◦C). In comparison,
the passive temperature control method is also used, which directly set
the water temperature as the desired value (i.e., 20 ◦C).

3.3. Viscoelastic model

The stress buildup in a restrained cementitious material can be
calculated by viscoelastic models, as shown in numerous studies
[32–35]. In the Mini-TSTM test, the strain measurements are performed
in the middle (i.e., straight) part of the dog-bone specimen, where stress
should be evenly distributed because this part is far away from the
cross-head (see section 2.1.2). Therefore, a 1-D model should be able to
describe the stress buildup in the Mini-TSTM test. Considering cement
paste as a viscoelastic material, the stress buildup in the Mini-TSTM test
corresponds to a relaxation process, which can be calculated by the
principle of Boltzmann superposition described as the convolution
below:

σ(t)=
∫ t

0
R(t, t0)ε̇(t0)dt0 (4)

where σ is the stress buildup calculated by the viscoelastic model; ε is the
retrained strain; R is the relaxation modulus (GPa); t0 is the time when
deformation is restrained; t is the current time. By using the mid-point
rule, the integration of Eq (4) can be simplified as:

σ(t)=
∑t0=t

t0=0
R
(

t+
1
2

Δt, t0
)

×Δε(t0) × Δt0 (5)

The relaxation modulus can be derived from the creep compliance,
which is easier to test. The creep compliance can be described by the
double power law [36,37] as:

J(t, t0)=
1

E(t0)
+ a ∗

(
1
t0

)b

∗ (t − t0)c (6)

where a, b and c are fitting parameters that can be derived from tests,
which reflect the impact of mix design, aging time and loading duration
on creep evolution. Then, the relaxation modulus can be derived as
follows [38–40]:

R(t, t0)= e1− J(t,t0)E(t)E(t) (7)

In comparison, a 1D elastic model is also used, which can be described as
below:

σel(t)=
∫ t

0
E(t)ε̇(t0)dt0 (8)

where σel is the stress buildup if the relaxation effect is neglected.
Similarly, by the midpoint rule, Eq (8) can be simplified as:

σel(t)=
∑t

0
E
(

t+
1
2

Δt
)

×Δε(t) × Δt (9)

Based on the simple viscoelastic model in Eqs (4)–(7) or elastic model
in Eqs (8) and (9), using the AD measured in tests 1–4, and the elastic
modulus and aging creep measured in tests 5–6, the EAS can be

Table 2
Main composition of utilized cements (wt.%).

Composition CEM III/B CEM I

CaO 47.11 64.00
SiO2 29.11 20.00
Al2O3 10.02 5.00
MgO 5.89 –
SO3 2.82 2.93
Fe2O3 1.19 3.00
Na2O 0.28 0.58

Table 3
Detailed testing schemes for validation of Mini-TSTM.

Test Material Testing conditions Objectives Repetition

1 C1-30 LVDT- controlled full restraint
Active/passive temperature
control

EAS C1-30-P1
C1-30-P2
C1-30-A1

2 C3-30 LVDT-controlled full restraint
Active temperature control

EAS C3-30-1
C3-30-2

3 C3-35 LVDT-controlled full restraint
Active temperature control

EAS
W/b influence

No

4 C3-30A LVDT-controlled full restraint
Active temperature control

EAS No

5 C1-30 Load-controlled
Active temperature control

Elastic
modulus
Aging creep

No

6 C3-30A Load-controlled
Active temperature control

Elastic
modulus
Aging creep

No

7 C3-30A Free deformation
Active cyclic temperature
control

CTE
Heating/
cooling

No
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calculated and then compared with the EAS measured in tests 1–4.

4. Results and discussion

4.1. EAS test

By applying a full-restraint boundary condition, the EAS induced by
AD can be tested, which is the most direct and important index for
assessing early-age cracking potentials. In this test, to exclude the in-
fluence of thermal deformation, the temperature in the specimen is
controlled at 20 ◦C. An analysis for examining the temperature control
and strain control in the EAS tests is given in Appendix A.

4.1.1. EAS results of CEM I paste
The testing results of Mini-TSTM and ADTM for the CEM I paste with

the w/b ratio 0.30 are shown in Fig. 9. In the three CEM I tests (C1-30-
P1, C1-30-P2, and C1-30-A1), the batches of cement were different. The
EAS (Fig. 9 (a)) and corresponding AD (Fig. 9 (b)) were recorded 4 h
after the placement of fresh cement. AD is often characterized by a fast
shrinkage in the first few hours followed by autogenous expansion and
autogenous shrinkage, similar to the measurement of corrugated tube
test [26]. For the three CEM I test, the AD was zeroed at the onset of
autogenous expansion (i.e., 8 h as in Fig. 9 (c)) and the onset of autog-
enous shrinkage (i.e., 30 h as in Fig. 9 (d)). Based on the measured EAS
(Fig. 9 (a)) and AD (Fig. 9(b–g)), the following mutual agreement be-
tween different tests validates the reasonability of the measurement:

1) The expanding/shrinking process measured in the Mini-ADTM
(Fig. 9(b–d)) corresponds to the stress decreasing (compression)/
increasing (tension) measured in the Mini-TSTM (Fig. 9 (a)).

2) The EAS of the three tests shows a similar trend and magnitude
(Fig. 9 (a)). The C1-30-A1 cracked after around 100 h, while the C1-
30-P1 cracked later, after 150 h. In the test for C1-30-P1, the loading
machine of the Mini-TSTM stopped working at around 100 h, and
therefore at that period, a drop of the load was observed, which
stopped the specimen from cracking. The C1-30-P2 did not crack
after 160 h.

3) The rate of AD of the three tests is similar (Fig. 9(e–g)). All tests for
autogenous shrinkage after 30 h (Fig. 9 (d)) displayed good consis-
tency and similar magnitude. Note that the rate of AD is a relevant
than the absolute value since it directly determines the accumulation
of stress (see Eq (4)).

Despite the consistency described above, significant variation in the
absolute values of AD is found for the three tests, especially for the
shrinkage at first 4–8 h (Fig. 9 (b)) and autogenous expansion at 8–30 h
(Fig. 9 (c)). Note that due to batch difference of cement, the self-weight
of the specimen andmolds, and also slight difference in operations of the
tests, high scatter in the measurement of the initial deformation can be

Fig. 9. EAS for CEM I paste with w/b = 0.30: (a) EAS; (b–d) AD zeroed at 4, 8,
and 30 h; (e–g) First derivative of AD zeroed at 4, 8 and 30 h.

Fig. 10. EAS for CEM III/B paste with w/b = 0.30: (a) EAS; (b–d) AD zeroed at
4, 12, and 45 h; (e–g) First derivative of AD zeroed at 4, 12 and 45 h.
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induced, as pointed out by the systematic statistical study [41]. How-
ever, due to a very low elastic modulus and high creep/relaxation, a very
high deformation only induces a very low stress and therefore such
variation does not influence the EAS measurement, which has been
quantitatively proved by the viscoelastic model in Appendix B. Specif-
ically, according to the EAS result (Fig. 9 (a)), the measured stress at 4 h
was 0.02, 0.04, and 0.03MPa for the three tests C1-30-P1, C1-30-P2, and
C1-30-A1, respectively. Therefore, the shrinkage at 4–8 h seems to be
insignificant for the EAS buildup. Similarly, in the autogenous expansion
phase at 8–30 h, the differences in compressive EAS (Fig. 9 (a)) are much
less significant than that in the autogenous expansion (Fig. 9 (c)). This
can also be explained by the low elastic modulus and high creep/re-
laxation of the cement paste in the first day.

In the authors’ previous study [13], it was found that the autogenous
expansion at 8–30 h is caused by the ettringite formation, which applies
pressure on pore walls and leads to macroscopic expansion. In this
process, the amount of ettringite determines the internal pressure, and
the micromechanical properties (i.e., elastic modulus and creep) deter-
mine how much expansion can be obtained given a certain pressure [25,
27]. Although significant difference in initial shrinkage and autogenous
expansion is measured, the EAS results (Fig. 9 (a)) between the three
tests remain similar. In section 4.4, solid quantitative explanations
regarding why variation of early-age deformation does not influence
EAS measurement will be presented by a verified viscoelastic model.

4.1.2. EAS result of CEM III/B paste
Development of EAS was tested in paste specimens with two w/b

ratios (0.3 and 0.35) with CEM III/B. Meanwhile, two batches of cement
were used, with the first batch of cement in tests C3-30-1, C3-30-2, and
C3-35 and the second batch of cement in the test C3-30A. The tests C3-
30-1 and C3-30-2 were for checking the repeatability of the Mini-ADTM
andMini-TSTM setup. The EAS results of the CEM III/B pastes are shown
in Fig. 10. The EAS results on CEM III/B show the following consistency
for validating the reasonability of the Mini-TSTM andMini-ADTM setup:

1) In all four tests, the expanding/shrinking process as measured by the
Mini-ADTM (Fig. 10(b)) corresponds well to the stress decreasing
(compression)/increasing (tension) as measured by the Mini-TSTM
(Fig. 10(a)).

2) For the two repetitive tests C3-30-1 and C3-30-2, excellent agree-
ment in EAS results (Fig. 10(a)) and rate of AD (Fig. 10(e)) can be
found.

3) In the expansion phase, the C3-30-1 shows a slightly higher expan-
sion than C3-30-2. This is also reflected in the EAS result - a slightly
higher compressive stress develops in C3-30-1. As also observed in
the EAS results of CEM I (Fig. 10(a)), the difference in autogenous
expansion is much more significant than that in EAS, which is caused
by the low elastic modulus and high relaxation/creep which limit the
compressive stress induced by this restrained expansion. This is
explained in more detail quantitatively in section 4.4.

4) From (Fig. 10(b and c)), it can be seen that C3-35 shows higher
expansion and lower shrinkage compared to C3-30. This difference is
expected: with a higher w/b ratio, more ettringite will be produced,
inducing higher expansion [13]. Meanwhile, a slower drop of rela-
tive humidity and larger pore sizes will occur in specimens with
higher w/b ratio [26,27], resulting in lower internal capillary pres-
sure (according to Kelvin’s equation) and therefore eases the
contraction that can be induced to the microstructure. As a result, the
autogenous shrinkage for a higher w/b ratio should be lower (see
Fig. 10(d)). However, it should also be noted that even with higher
autogenous expansion, the compressive stress of C3-35 is lower than
that of C3-30. This is attributed to the lower elastic modulus and
higher relaxation/creep of a higher w/b ratio paste [42,43].

5) The consistent measurement of the AD and the EAS in the C3-30 and
C3-30A tests shows that different batches of CEM III/B at the w/b
ratio 0.30 can lead to completely different EAC potentials. Note that
such complete difference in AD measurement was also observed and
reconfirmed in the creep test and CTE test shown later. The differ-
ence between different batches of CEM III/B paste are analyzed as
below:

i. The C3-30A shows higher initial shrinkage, almost no autogenous
expansion, and much earlier and faster autogenous shrinkage after-
ward, as measured by the Mini-ADTM in (Fig. 10(b and c)).
Accordingly, C3-30A obtained higher initial tensile stress in initial
shrinkage phase (first 10 h in Fig. 10(b)), almost no compressive
stress, and much earlier tensile stress accumulation in autogenous
shrinkage phase commencing from around 24 h (Fig. 10(b)).

Fig. 11. Testing results for elastic modulus and creep of CEM I w/b = 0.30: (a–b) Hourly-repeated loading scheme for C1-30 and C3-30A, respectively; (c–d)
Deformation results of the test for C1-30 and C3-30A, respectively.
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ii. In comparison, the C3-30 tests showed very low initial tensile stress
at first 20 h (Fig. 10(a)) and staying in compression in 20–52 h
(Fig. 10(a)). Such significant difference clearly exposed the C3-30A
to a higher risk of EAC and therefore the influence of batch differ-
ence of CEM III/B mix with a low w/b ratio on early-age AD should
be an essential issue for cracking-sensitive structures.

6) The cracking time of C3-30A, C3-30, C3-35, and C1-30 is around 45,
58, 68, and 100 h, respectively. This is consistent with previous
studies reporting that GGBFS concrete with a low w/b ratio shows
higher risk of EAC due to autogenous shrinkage [13,44–46].

4.2. Measurement of elastic modulus and aging creep

Following the hourly-repeated loading method introduced in section

3.1.2, the time-dependent elastic modulus and creep of C1-30 and C3-
30A paste were tested. In this test, the Mini-ADTM and Mini-TSTM
were both used: Mini-ADTM to measure AD. and the Mini-TSTM to
measure the elastic modulus and creep at different ages. The hourly-
repeated loading scheme for C1-30 and C3-30A paste with a w/b ratio
of 0.30 is shown in Fig. 11(a and b). To ensure that the applied load does
not exceed the strength of the material and induce damage, the loading
scheme was designed according to the EAS results of C1-30-P2 and C3-
30-2 and the maximum tensile load was set to 2.5 kN. Accordingly, the
AD tested byMini-ADTM and the total deformation tested byMini-TSTM
is shown in Fig. 11(c and d). The test started at 10 and 14 h and lasted for
around 117 and 60 h for C1-30 and C3-30A pastes, respectively. Note
that the total deformation mentioned here includes the AD induced by
hydration and basic creep strain induced by the sustained load.

To calculate the elastic modulus at different ages, the total defor-
mation and stress at every loading and unloading period were extracted.
Linear regression was used to calculate the elastic modulus at corre-
sponding ages [47]. Examples of testing results and the calculation are
given in Fig. 12(a–h). Finally, the evolution of elastic modulus of C1-30
and C3-30A along with time can be obtained, as shown in Fig. 12 (i). At
around 46 and 55 h, the elastic modulus-time curve of C1-30 and C3-30A
showed an upward jump and then decreased. The jump and the
decreasing trend may be attributed to the transition from compression to
tension and the sudden decrease in load level. Afterward, the load
gradually increased from 0.75 kN to 2.5 kN (0.3 and 1 MPa in stress).
Note that, when very low tensile load is applied (i.e., 0.3 MPa), the
deformation may be small, resulting in a measurement error. With
higher tensile load, the deformation will be larger, resulting in higher
accuracy. However, the increasing tensile load may also induce internal
damage to the specimen and therefore result in the decrease of elastic
modulus. Note that to understand the influence of load (including level,
compression/tension, loading/unloading) on the testing results of
elastic modulus, a more refined testing scheme should be devised to
exclude the influence of age, which is beyond the scope of the current
study.

To calculate the creep at different ages, the total deformation
measured by Mini-TSTM and the AD measured by Mini-ADTM at every
hour were extracted. The basic creep compliance is calculated by
deducting the AD from the total deformation and normalized by the
corresponding sustained load level. As an example, the results of creep of
C1-30 paste at different ages are shown in Fig. 13. To check the
reasonability of the basic creep compliance results, all the basic creep
curves were fitted to a non-aging power function (J(t)=a×tr) [36,47].
The quality of fitting was quantified by a coefficient of determination R2

between the fitted and experimental values of creep compliance. A R2 of
1 means a perfect fit is obtained and a R2 lower than 0.70 were
considered as incorrect testing data and removed. Finally, all the basic
creep data were used to fit the double-power law function of aging creep
(as expressed in Eq (6)). The results of fitting parameters are shown in
Table 4. The obtained creep compliance function J(t,t0) is visualized in
surface Fig. 13(i and j), which will be used for modelling the EAS based
on input of shrinkage.

4.3. CTE test

Based on the methods introduced in section 3.1.4, the CTE of the C3-
30A paste was measured, which aims to 1) provide a method for
measuring CTE and 2) validate the temperature control ability of the
proposed setup. The CTE test was performed on C3-30A using the Mini-
ADTM, started 7.5 h and lasted for around 44 h. The results are shown in
Fig. 14. Temperature cycles varying between 20 and 25 ◦C in every 2 h
were adopted, as specified by the “Tmp_setpoint” curve in Fig. 14(a and
b). The temperature results here also show the heating/cooling effi-
ciency of the setup: To follow the specified temperature curves (i.e.,
“Tmp_setpoint” curve), at every turning point, the cryostat heated/
cooled the water bath (i.e., “Bath” curve) to regulate the temperature of

Fig. 12. Testing results for evolution of elastic modulus: (a–g) elastic modulus
of C1-30 paste tested and calculated at 6, 12, 18, 24, 48, 72, 96, and 117 h; (i)
summary of elastic modulus of C1-30 and C3-30A
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the specimen (i.e., “Tmp” curve) based on the PID controller, as
mentioned in section 2.1.3. As clearly shown in Fig. 14 (b), when
reaching the turning point, it took about 10min for the cryostat to adjust
the temperature of the water bath to adapt to the new heating/cooling
curve, and therefore there was always an overshooting observed in the
specimen temperature. Afterward, the specimen temperature can be
precisely regulated to follow the specified temperature curve. With the
temperature cycles, the total deformation is a superposition of contin-
uous AD and cyclic thermal deformation, as shown in Fig. 14 (c).
Assuming that within every 2 h the rate of AD stays the same, the in-
fluence of AD can be eliminated by taking the average of deformation
measured in the heating and cooling phase, as shown in Fig. 14 (d) and
explained by Eqs (1)–(3). The CTE of each temperature cycle was
calculated using linear regression [47] and the evolution of CTE is
shown in Fig. 14 (e). An increase in CET was observed from around 6.6
to 14.4 μstrain/◦C on the first and second day, which is in accordance

with the literature [17,18].

4.4. Modelling results

Based on the AD measured from 4 h after casting (section 4.1), the
elastic modulus, and the aging creep (section 4.2), the EAS can be pre-
dicted using the viscoelastic models proposed in section 3.3. The result
can then be compared to the EAS measurements (section 4.1) to check if
all the measured subjects match each other based on the viscoelastic
constitutive relationship. Specifically, the ADs measured from 4 h after
casting in tests C1-30-P1, C1-30-P2, C1-30-A1, C3-30-1, C3-30-2, and
C3-30A were used as input to calculate the EAS in corresponding tests.
For the input of elastic modulus and aging creep, the test performed on
C1-30 and C3-30A were used for CEM I (i.e., C1-30-P1, C1-30-P2, C1-30-
A1) and CEM III/B (i.e., C3-30-1, C3-30-2, and C3-30A) paste, respec-
tively. The modeling results of EAS and comparison to the experimental
results are shown in Fig. 15. The root mean square error (RMSE) be-
tween the modeling and experimental results of EAS were calculated to
show the precision obtained by the models:

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

t
(σM(t) − σT(t))2

ttotal

√
√
√
√

(10)

Fig. 13. Testing results for evolution of creep compliance: (a–g) creep compliance of C1-30 paste tested at 6, 12, 18, 24, 48, 72, 96 and 116 h; (i–j) summary of creep
compliance of C1-30 and C3-30A.

Table 4
Fitting parameters obtained from creep test for creep compliance function.

Specimens a b c R2

C1-30 1.000 × 105 1.079 0.500 0.8674
C3-30A 3.622 × 105 1.197 0.500 0.8655
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where σM(t) and σT(t) are modelling and testing results of EAS at time
step t. The results in Fig. 15 show a good match between the EAS
calculated by the viscoelastic model and the results directly obtained
from the EAS test. As expected, the influence of creep/relaxation must
be considered in EAS calculation and therefore an elastic model is not
acceptable for the prediction of EAS. It should be noted that in most
cases neglecting viscoelastic behavior will be conservative and result in
a lower risk for early age cracking, but in other cases the opposite will
happen and the risk for early age cracking will increase.

Despite the significant differences in the measured initial shrinkage
and autogenous expansion of C1-30-1, C1-30-2, and C1-30-3 (presum-
ably caused by using different cement batches), the calculated EAS re-
sults for these three tests are similar to the testing results. In the CEM III/
B tests, although with a completely different AD and EAS between the
batch 1 (i.e., C3-30-1 and C3-30-2) and batch 2 (i.e., C3-30A), their EAS
can still be predicted with good accuracy given the corresponding AD as
input. What is more interesting is that only using the elastic modulus and
creep tested on C3-30A as input, the EAS results of C3-30-1 and C3-30-2,
which are of different batches of cement and show totally different AD,
can still be predicted with good accuracy. Such good accuracy means
that the batch difference of CEM III/B does not result in a significant
difference in mechanical properties (i.e., elastic modulus and creep in
this case). In conclusion, the good match between the modeling and the
experimental results directly validates that the devised Mini-TSTM and
ADTM setup can detect the true material behavior and properties with
good accuracy.

4.5. Discussion on potential limitations and improvement

This paper develops a Mini-TSTM, which aims to improve the effi-
ciency of TSTM-type test for a range of properties/behaviors of early-age
cementitious materials. The applicability of the designedMini-TSTM has
been validated by a systematic study of experiments and models. Herein,
the limitations, major concerns and potential improvement are sum-
marized and discussed as below:

1) In the Mini-TSTM test, a dog-bone specimen with a size of 50 × 50
mm2 is used, which raises the concern about its applicability on
concrete mixture where large aggregates should be used. To this
regard, additional tests on concrete materials were conducted, see
Appendix C. The Mini-TSTM was applied to test the EAS and total
deformation of a concrete mixture that is specifically designed for
underground concrete structure constructions. In the meantime, the
same batch of concrete material was also used to do a traditional
TSTM test at the TU Delft. In general, the results show a good con-
sistency between Mini-TSTM and traditional TSTM, and therefore
the applicability of the current Mini-TSTM setup for concrete mate-
rials with aggregate size up to 22 mm is validated. Nevertheless, it
should be noted that the specific section size depends on multiple
factors including the loading capacity, maximum aggregate size,
expected stress range, etc., and is always adjustable accordingly.

2) Another concern about the Mini-TSTM is the vertical loading, which
differs with most traditional TSTMs. Such change brings advantages,

Fig. 14. Testing results for evolution of CTE of C3-30A paste: (a–b) temperature history; (c–d) total deformation; (e) CTE.
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that the potential influence of the friction between the supporting
plate and the TSTM specimen is eliminated. However, the self-weight
of the specimen can influence the deformation measurement in the
vertical test. For very young and soft specimen, the self-weight of the
specimen and the molds causes “settlement deformation” and the
measurement of shrinkage in very early-age in the vertical test can
therefore be overestimated. However, as explained in Appendix B,
due to the low elastic modulus and high relaxation at very early-age,
such deformation can only lead to negligible stress, and therefore
does not influence the EAS measurement.

3) In each testing batch, even a slight difference in material composi-
tions, quantity, vertical position alignment, and bolts assembly, can
influence the testing results, especially the deformation at very early-
age. The reason is similar to that of the vertical-loading test. For a
very young and soft specimen, a slight difference in self-weight or
mechanical alignment can cause apparent difference in the very
early-age deformation. However, as stated before and also explained
in Appendix B, the deformation during this period does not signifi-
cantly influence the EAS evolution and therefore the EAS results are
repeatable. It should be noted that this limitation is not specifically
for the Mini-TSTM. For the traditional TSTM, in which the testing
procedures are far more complex and more difficult to control, such
influence can be more significant.

4) The designed Mini-TSTM uses a dog-bone specimen and measures
the middle straight area with a length of 100 mm, which requires a

more sensitive LVDT when concrete with very slow shrinking rate is
used. The inadequacy of precision of LVDT is one reason accounting
for the unsmooth curves as observed in Mini-TSTM tests for concrete
in Appendix C. Therefore, if the EAC issue of concrete is the main
interest, it is suggested to lengthen the area of measurement or use a
more sensitive LVDT.

5. Conclusions

This article describes the development of a light and small version of
Mini-TSTM and Mini-ADTM. The developed setups allow more efficient
measurement of time-dependent behaviors and properties of cementi-
tious materials related to EAC issues, including the EAS, autogenous/
thermal deformation, elastic modulus, creep and CTE. The design,
implementation and methods of the new setup and experiments are
introduced in detail. A systematic validation scheme, from the
perspective of experiments and theories, was conducted to examine the
reasonability of the proposed setup. The study resulted in the following
conclusions:

1) The Mini-ADTM and Mini-TSTM, made mainly by 3D printing
techniques, improved the testing efficiency and addressed several
issues in big TSTM and ADTM tests, including the difficulty in pre-
test installation and post-test dissembling, continuous control for
full-restraint condition, LVDT installation, and friction between the
specimen and supporting table.

2) The Mini-ADTM and Mini-TSTM showed good consistency in EAS
test. The expanding/shrinking process detected by the Mini-ADTM
matched well with the stress decreasing (compression)/increasing
(tension) detected by the Mini-TSTM. The influence of cement type
and w/b ratios on EAC potentials were correctly reflected. The
heating/cooling efficiency of the proposed setup was examined in a
CTE test, which obtained reasonable results compared with existing
studies.

3) The Mini-ADTM and Mini-TSTM showed good repeatability. In EAS
tests of CEM I, all mixes obtained similar EAS despite a significant
difference was found in measurement of early shrinkage and
autogenous expansion. In EAS tests of CEM III/B, the results from the
same batch C3-30-1 and C3-30-2 also showed good repeatability in
measurement of both AD and EAS. In EAS tests of concrete with
aggregate size up to 22 mm, the EAS and total deformation measured
by Mini-TSTM/ADTM and traditional TSTM/ADTM resembles each
other and validated the applicability of the Mini-TSTM for concrete.

4) The Mini-ADTM and Mini-TSTM found that batch difference of CEM
III/B mix with a low w/b ratio (0.30 in this study) can result in a
completely different EAC potential. The C3-30A batch showed a
faster initial shrinkage, almost no autogenous expansion and earlier
autogenous shrinkage, which led to higher EAC risk.

5) The measured AD, elastic modulus and creep can be used as the input
of a viscoelastic model to predict the EAS with good accuracy, which
validated that the proposed setup correctly simulated and measured
the process of EAS evolution. By comparing the results of viscoelastic
model and elastic model, it is found that in some cases neglecting
viscoelastic behavior will be conservative and result in a lower risk
for EAC, but in other cases the opposite will happen and the risk for
EAC will increase. Simulating the EAS evolution of one batch of CEM
III/B (i.e., C3-30-1 and C3-30-2) based on the elastic modulus and
creep data measured on another batch of CEM III/B (i.e., C3-30A)
shows good accuracy. The same holds for CEMI-mixes.

6) It was shown quantitatively (i.e., using the viscoelastic model) that
the lower elastic modulus and high relaxation are the reasons that
the initial shrinkage and autogenous expansion at an early age
played a much less significant role on stress development than
autogenous shrinkage afterward.

Fig. 15. Modelling results and comparison to EAS test: (a–c) results of CEM I
paste C1-30-1, C1-30-2 and C1-30-3, respectively; (d–f) results of CEM III/B
paste C3-30-1, C3-30-2, and C3-30A, respectively.
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Appendix A. Analysis of temperature and strain control in EAS tests

In the EAS test for CEM I, two temperature control methods were used: passive control (C1-30-P1 and C1-30-P2) and active control (C1-30-A1). C1-
30-P1 and C1-30-P2 are two repetitive tests with the same w/b ratio. As shown in Fig. A1, taking the C1-30-P1 as an example, passive control (see
Fig. A1 (a)) works by keeping the temperature of the water at the target value (20 ◦C); on the other hand, active control (see Fig. A1 (b)) takes feedback
from the measurement of thermocouples embedded in the specimens and actively adjusts the water temperature to enforce the temperature measured
by thermocouples (embedded in the specimen) at a fixed value (20 ◦C). The temperature results show that active control method can perfectly keep the
temperature of the specimen at 20 ◦C (blue line in Fig. A1 (b)) by more cooling within the first day (orange line in Fig. A1 (b)) to compensate for the
hydration heat and room temperature. In comparison, the passive control shows only a limited effect: the temperature in the specimen increased to
21.5 ◦C due to hydration heat release, and then slowly decreased to 20.5 ◦C. Overall, to strictly exclude the influence of temperature and ensure that
only the AD is considered, active control method is preferred.

Fig. A1. Temperature measurement in EAS test for CEM I paste: (a) Passive control; (b) Active control

As shown in Fig. A2, with the PID controller which takes the strain measured by the LVDTs as feedback to continuously adjust the applied load, the
deformation in the specimen in the Mini-TSTM can be controlled within 1 μstrain (0.1 μm). In other words, the full-restraint condition in the Mini-
TSTM is achieved with a precision of 1 μstrain.

Fig. A2. TSTM deformation under full-restraint condition
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Appendix B. Variation analysis of autogenous deformation

To explain why such a significant variation in early chemical shrinkage and autogenous expansion causes only a small difference in EAS, detailed
quantitative explanations are given from two aspects: 1) a sensitivity study and 2) the principle of stress superposition.

Sensitivity study

Taking the EAS and AD of C1-30 as an example, one can see that the AD can be divided in 4 stages:

1) S1: fast shrinkage in 1~10 h;
2) S2: fast expansion in 10~20 h;
3) S3: small deformation in 20~50 h;
4) S4: fast shrinkage after 50 h.

To show the influence of variation of AD on the EAS, a sensitivity study is conducted based on the viscoelastic model. The sensitivity study assumes
that a fictitious AD of 100 μstrain happens linearly from t0 and lasts for 10 h. Accordingly, using the measured creep function of C1-30 as input, the EAS
of the period corresponding to the fictitious AD can be calculated. Four different scaling factors (i.e., 0.5, 1.0, 1.5, 2.0) are used to scale the magnitude
of AD and compare the variance of calculated EAS. The example of the fictitious AD and corresponding EAS happening from 1 to 41 h (t0 = 1, 41) are
shown in Fig.B1. By calculating the variance of the EAS induced by AD of different magnitudes at different t0, the influence of AD on the EAS evolution
can be quantified. From 1 to 100 h, the variance of EAS in each 10-h interval can be calculated, as shown in Fig.B2. The results show that the variant
AD happening in Stages 1 and 2 (i.e., S1 and S2 in Fig.B1) can only result in negligible variance of EAS, which explains why the variation of initial
shrinkage and expansion does not make an apparent difference in the EAS.

Fig. B1. Examples of sensitivity study: (a, c) fictitious AD happening at t0 = 1 and 41 h; (b, d) Fictitious EAS caused by the fictitious AD.
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Fig. B2. Variance of EAS induced by fictitious AD (S1: fast shrinkage in 1~10 h; S2: fast expansion in 10~20 h; S3: small deformation in 20~50 h; S4: fast shrinkage
after 50 h)

Stress superposition

The viscoelastic model is built based on the Boltzmann superposition principle, which assumes that the stress at a certain time is a superposition of
all the stress increments of all previous time intervals. Using the modelling case of C3-30-1 as an example, the stress increment at every time interval is
shown in Fig.B3. Fig.B3 (a) shows that in every time interval, the stress instantly increases, which is an elastic response to the restrained shrinkage in
the corresponding time interval (i.e., autogenous shrinkage rate as in Eq (5)). The magnitude of the instant stress increase depends on both the
autogenous shrinkage rate and the elastic modulus of the material. Furthermore, the stress starts to decrease with time due to the viscous nature (i.e.,
creep/relaxation) of the material and is quantified by the relaxation modulus R(t, t0), which is calculated based on the creep compliance surface
function J(t, t0) as measured by the Mini-ADTM and Mini-TSTM. Fig.B3 (b) shows the stress at incremental time steps 4, 30, and 55 h, which cor-
responds to the initial shrinkage, autogenous expansion, and autogenous shrinkage phase. Due to relaxation and creep, the stress increment starting
from 4 h (within the initial chemical shrinkage phase) almost disappears after one day and that starting from 30 h (within the autogenous expansion
phase) significantly decreases (by 70 %) at 60 h. The stress increment starting from 55 h only decreases by 20 % at 60 h. Note that the EAS test of C3-
30-1 only lasts for 60 h. If considering later times, such as 168 h, one can find in Fig.B3 (a) that the stress increment starting from phases of chemical
shrinkage and autogenous expansion both almost disappear, and only that starting from the phase of autogenous shrinkage remains at a certain level.
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Fig. B3. Stress increment of C3-30-1 modelling result: (a) stress increment at every hour; (b) stress increment at 4, 30, and 55 h

Appendix C. Mini-TSTM for Concrete and Comparison to Traditional TSTM

Considering the size of the Mini-TSTM, notable potential limitations are about its applicability for concrete and its difference with the traditional
TSTM. To this regard, we present additional results of EAS tests on a normal concrete mixture using both the developed Mini-TSTM and the traditional
TSTM at the TU Delft, as shown in Fig. 3 [13]. The details of the concrete mixture are shown in Table C1. The concrete mixture used here is specifically
applied in large-scale underground constructions, where early-age cracking risk is a governing factor in the design process. The utilized binder is
Portland-Fly Ash cement CEM II/A-V 42.5N. The aggregates were all obtained from the Norsk Stein Jelsa. The admixture includes air entraining (AE)
MasterAir 22SB, superplasticizer MasterGlenium SKY 851 (labeled as SP1 below), and MasterPozzolith 120 (labeled as SP2 below).

Table. C1
Concrete mixture for TSTM tests (Unit: kg/ m3)

CEM II/A-V Aggregate 0–2 mm Aggregate 2–8 mm Aggregate 8–16 mm Aggregate 16–22 mm Water AE SP1 SP2

410 697.25 214.67 613.5 321.92 120.92 1.108 3.280 1.435

The compressive and tensile splitting strength is tested at 1, 3, and 7 days. Each test uses three 150 × 150 × 150 mm3 cubic specimen and the
averaged results are shown in Table. C2.
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Table. C2
Strength test results (Unit: MPa)

Age (day) Compressive strength Tensile Splitting strength

1 17.6 1.68
3 34.9 3.60
7 48.8 4.70

In this TSTM test, instead of testing the EAS at a constant temperature (as what have done in this paper), a time-dependent temperature profile is
applied to simulate the in-situ temperature increase and decrease in concrete structures. The applied temperature curve is shown in Fig. C1. The
temperature increases from around 23.5 ◦C–37.5 ◦C in the first day, and then decreases afterward. Notably, Fig. C1 shows a discontinuity at around 25
h between the two TSTMs. Such inconsistency is attributed to a malfunction of the cryostat, which stopped the temperature control for around 1 h.
Afterward the temperature control was restarted, which ensured that the temperature curves in two TSTMs assemble each other.

Fig. C1. Applied temperature curve in Mini-TSTM and TSTM test

Following the procedures of traditional TSTM, both TSTM tests were started around 12 h after casting, and then lasted for around 3 days. The
obtained results of EAS and deformation by the Mini-TSTM and traditional TSTM tests are shown in Fig. C2 below. The results show a good consistency
between the Mini-TSTM and the traditional TSTM, which further validates the applicability of the Mini-TSTM for concrete materials. Note that the
same batch of mixture material were used here for both tests, and therefore the batch difference as appeared in the paper does not exist here, which is
beneficial for direct comparison of the two tests. Nevertheless, despite the good consistency, some notable difference exists, explained as below:

1) The shrinking rate of the Mini-ADTM is faster than that of traditional ADTM. Accordingly, the EAS increase rate of the Mini-TSTM is also faster.
This difference can be attributed to the vertical testing of the Mini-TSTM, in which the gravity also plays a role and the self-weight of the specimen
(and also the molds) can lead to more vertical settlement of the specimen, which appears as more “shrinkage” in the final measurement. This effect
is especially apparent when the specimen is very young (e.g., before first three days), when the elastic modulus is low so that only the self-weight
can induce non-negligible deformation. However, as explained in Appendix B, during this period, because of very high relaxation effects, such
deformation can only induce very low-level stress. Because the TSTM mainly aims to measure the EAS as the direct index of EAC risk, the side
effects of vertical loading do not influence the main function of the testing machine.

2) Another notable difference is that the results of Mini-TSTM seems to be much less smooth. This is attributed to the inadequate precision of the
current LVDTs for this test. In the Mini-TSTM test for concrete, the shrinking rate of the concrete specimen is less than 2 μstrain/hour (i.e., 0.2 μm/
hour), while the precision of the utilized LVDT in Mini-TSTM is 0.01 μm. Considering that every second the loading machine needs to adjust the
load to restrain the deformation, the inadequate precision of LVDT can bring noise to the machine and therefore causes jumps in the EAS results. A
good example of such is the Mini-TSTM results of the C3 cement paste as shown in section 4.1.2, where much more smooth curves can be obtained
when the shrinking rate is high. To address this issue, further improvement of the Mini-TSTM setup can consider to use either better LVDTs or
simply by increasing the measurement area of the dog-bone specimen.

Fig. C2. Applied temperature curve in Mini-TSTM and TSTM test: (a) EAS; (b) Total deformation.
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