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A B S T R A C T

The aim of this paper is to investigate the mechanical properties of cement paste specimens by both experimental
and numerical methods. Firstly, the specimens subjected to uniaxial tensile loading were studied experimentally.
Afterwards, numerical investigation was carried out based on the experimental observations. Two types of
specimens were used, which were unnotched and single notched specimens. The uniaxial tensile experiments of
the unnotched specimens provided the Young’s modulus and tensile strength of the specimens. The complete
stress-strain responses of the specimens were derived from the uniaxial tensile experiments on the single notched
specimens. The crack initiation and propagation were discussed.

The uniaxial tensile loading experiments were simulated by a 3D lattice model. The local mechanical prop-
erties of lattice elements were determined through simulations. The tensile simulations of the unnotched spe-
cimen provided the Young’s modulus and tensile strength for the local lattice elements. Then, the softening
behavior of lattice elements was obtained from tensile simulations of the single notched specimen. The ex-
perimental and simulated stress-strain responses and cracking process were compared with each other. It was
found that the simulated results matched quite well with the experiments with the set of local mechanical
properties that was determined. This set was used in a further study for the simulations on external sulfate
attack.

1. Introduction

Concrete is a multiscale heterogeneous construction material. The
mechanical performance of the material structure is determined by the
distribution of the components, and the local mechanical properties of
an individual component. They can be measured in the laboratory, as
well as be simulated by a computational model. Cement paste is the
basic binding material in concrete. Therefore, its mechanical properties
have generated considerable research interest, such as tensile strength
and constitutive response, which are the basic information for concrete
structure design and durability investigation.

The direct way to obtain these mechanical properties is to perform
experiments. A uniaxial (direct) tension test is thought to be the most
direct method of determining the mode I fracture properties of concrete
[1]. However, in the literature, the uniaxial tensile experiment of ce-
ment paste specimens is rarely studied. Toutanji et al. [2] tested the
cylindrical specimens with a diameter of 16mm and a length of
120mm in uniaxial tension. The tensile strength of 8.8 MPa and
9.8MPa were obtained for the cement paste specimens with a water/
cement ratio of 0.31 and 0.28, respectively. In addition, for the cement

paste specimens, the complete stress-strain curve including softening
properties is missing in the literature. The application of fracture me-
chanics for the analysis of concrete structures requires the softening
properties of the cementitious materials as an input parameter [1].
Therefore, this study focuses on the complete stress-strain curve of the
specimens subjected to uniaxial tensile loading. Cement paste pipes
with a wall thickness of 2.5 mm and a water/cement ratio of 0.40 were
chosen.

In order to obtain a complete stress-strain curve for brittle material
in uniaxial tension, it is essential to eliminate occurrence of sudden
failure close to the peak stress [3,4]. One of the methods to address this
issue is introducing a single notch on the specimen [5,6]. Therefore, the
single notched specimens were chosen in order to make it possible for
measuring the post-peak stress-strain curve of the specimens during
experiments, which can trigger crack growth from a known location
[5]. Previous experiments showed that crack nucleation and growth
happens at the notch due to stress concentration [7]. As a result, in this
study, two types of specimens were chosen for uniaxial tensile experi-
ments, which were the unnotched and single notched cement paste
pipes.
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Fig. 1. Setup of uniaxial tensile tests. (a) An unnotched cement paste pipe and (b) a single notched cement paste pipe.

Fig. 2. Uniaxial tensile test of single notched cement paste pipes (Fig. 1b). (a) Geometric size of the notch and (b) cracked specimen.

Fig. 3. Cell-based images of the structure of cement paste pipes for uniaxial tensile simulations. (a) Unnotched pipe and (b) single notched pipe (NOL represents
numerical output location, considering LVDT used in Fig. 1b).
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In addition to the experiments, a 3D lattice model was constructed
to simulate the two types of specimens under the uniaxial tensile
loading. The simulated stress-strain responses and cracking process
were compared with the experimental observations. This part aims at
studying the local mechanical properties of lattice elements, which is
the input parameters of the simulations. An assumed value of the local
mechanical properties for the lattice elements can result in a certain

mechanical response for the simulated specimen. Therefore, the local
mechanical properties with softening information for lattice elements
can be obtained when simulated specimen response matched with the
experimental observations. It has been long known that strength and
facture behaviour of quasi-brittle materials is size dependent [8]. The
tensile strength of cement paste increases when its size becomes smaller
[9]. In the simulations, the specimen is represented by a network of
lattice elements. Therefore, the specimen and the lattice element re-
present the same material but have different size. The aim of the si-
mulations in this study is to obtain the local mechanical properties of
the lattice elements (mesh size) based on the global mechanical prop-
erties of the specimens (experimental observations).

These specimens were chosen in this study as them were used to
investigate the degradation caused by external sulfate attack [10,11]. In
order to be able to simulate the degradation process, the essential
mechanical properties of the unexposed specimens are required, which
were studied in this paper.

2. Materials and methods

2.1. Materials and specimens

An ordinary Portland cement (CEM I 42,5 N) with a water/cement
ratio of 0.40 was used in this study. PVC moulds with stainless steel
rods in the center were fabricated in order to produce the cement paste
pipes with a wall thickness of 2.5 mm (outer diameter 30mm, inner
diameter 25mm). More information regarding the experimental setup
can be found in Ma et al. [10,11]. After 60-day curing in saturated
limewater, the cement paste pipes were cut and polished at both ends to
ensure that they were parallel and that the length was 35mm. Then the
prepared specimens were put back to the saturated limewater.

Two types of specimens were tested, which were the unnotched
cement paste pipes (Fig. 1a) and single notched cement paste pipes
(Fig. 1b). For the single notched specimen, a notch with a depth of
2.5 mm and a width of 2.25mm was sawn at one side of the specimen at
half-height (Fig. 2). After that, the prepared specimens were put back to
the saturated limewater.

After 90-day curing in saturated limewater, all specimens were
taken out of limewater for uniaxial tensile tests. In order to prevent
drying cracks, the specimens were wrapped with plastic foil during the
entire test procedure (Fig. 1). In addition, a sponge, which was satu-
rated with water, was also put inside the hollow part of the specimens
to minimize drying. The plastic foil was removed when the test was
finished, as shown in Fig. 2b.

2.2. Uniaxial tensile test

Uniaxial tensile tests were performed in an Instron 8872 servo-hy-
draulic system. The specimens were glued between steel platens of the
testing machine and loaded in deformation control.

For the unnotched cement paste pipes (Fig. 1a), the tests were
controlled by the average value of the four linear variable differential
transducers (LVDTs) at a constant loading speed of 0.2 μm/s.

For the single notched cement paste pipes (Fig. 1b), the tests were
firstly controlled by LVDT 1 at a constant loading speed of 0.02 μm/s.
LVDT 1 was located at the side of the notch. Afterwards, when the
stress-strain curve passed the peak, the tests were changed to be con-
trolled by the average value of the four LVDTs.

2.3. Lattice fracture model

Fracture processes of cementitious materials can be studied with the
Delft lattice model [12]. In this model, material is discretized as a
network of beam elements which can transfer forces. The fracture
process is simulated by the removal of lattice elements step by step. At
every analysis step, a prescribed displacement is imposed on the lattice

Table 1
Experimental results of global mechanical properties of unnotched cement
paste pipes (Fig. 1a).

Specimen number Young’s modulus (GPa) Tensile strength (MPa)

Specimen 1 20.9 5.6
Specimen 2 20.3 5.7
Specimen 3 19.7 5.7
Average 20.3 5.7

Fig. 4. Experimental stress-strain responses of single notched cement paste
pipes (Fig. 1b) subjected to uniaxial tensile loading along vertical direction. (a)
Specimen 4, (b) specimen 5 and (c) comparison between specimen 4 and spe-
cimen 5 (strain is the average value of the four LVDTs).
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structure to find one critical element that has the highest stress/
strength ratio, and then removing it from the system or changing it to
have a weaker mechanical property. The basic removal procedure is to
remove one element at one lattice analysis step. In the case of im-
plementing local softening behavior, the strength and stiffness of each
element are decreased step by step. The analysis procedure is repeated
until a pre-determined failure criterion is achieved, such as a certain
value of the displacement. The lattice element can fail only in tension.
This method can simulate crack propagation, and thus, predict the
global stress-strain response [13]. Details about the complete compu-
tational procedure and the equations of the model are available in the
literature [14].

Two types of uniaxial tensile tests were simulated which corre-
sponds to the experiments. The first type is the uniaxial tensile simu-
lation of the unnotched cement paste pipe, as shown in Fig. 3a. The wall
thickness of the pipe is 2.5mm (outer diameter 30mm, inner diameter
25mm) and the length is 35mm, which is the same as in the experi-
ment (Fig. 1a).

The second type is the uniaxial tensile simulation of the single
notched cement paste pipe (Fig. 3b). During the experiments, since the
rotational stiffness of the steel platens of the testing machine were not
infinitely stiff, the plane of the specimen boundary can rotate, which
leads to the differences of the deformations of the four LVDTs. How-
ever, in the modelling, the plane of the specimen boundary will not
rotate. In order to take the rotations into account, it was chosen to
increase the height of the specimen in the modelling. As shown in
Fig. 3b, “ hΔ ” represents the increased height. In this case, during the
simulations, the plane of the specimen boundary will not rotate.
However, the plane of “the middle part” (NOL part) boundary can ro-
tate, which results in a similar behaviour as in the experiments. Four
locations were chosen at the simulated structure, which were the same
as the locations of LVDTs in the experiments. For each location, two
nodes were chosen, which were along the same vertical line. The dis-
tance between the two nodes is expressed as NOL. The original NOL is
35mm, which is same as the length of the LVDTs in the experiments
(Fig. 1b). During the simulations, the change of NOL was recorded. A
single notch with the depth of 2.5 mm and the thickness of 2.25mm
was also applied at the half-height of the simulated pipe, which was

similar to the experimental setup. NOL 1 was located at the side of the
notch.

The specimens were meshed at the resolution of 0.25mm/cell, and
a 3D quadrangular lattice network was constructed. A sub-cell was
created within each cell sharing the same center, and the length ratio of
the sub-cell to the cell is defined as randomness. The value of ran-
domness is always between 0 and 1 [15]. More details about the in-
fluence of randomness can be found in [16]. A lattice node was posi-
tioned within the cell randomly and neighbor nodes were connected by
a lattice element. During the 3D mesh generation process, the ran-
domness of the lattice system was set to 0.5 for all the non-boundary
cells and 0 for all the boundary cells. The randomness of 0.5 can in-
troduce irregular geometry of the mesh. The cross-section of the lattice
element was assumed to be circular and was chosen such that the
stiffness of the system is equal to the stiffness of the local element. For
all the simulations in this section, all the lattice elements were assumed
to have the same local mechanical properties.

3. Experimental results and discussion

3.1. Unnotched cement paste pipes

Three unnotched cement paste pipes (specimen 1, 2 and 3) were
tested in uniaxial tension, as shown in Fig. 1a. The Young’s modulus of
20.3 GPa and tensile strength of 5.7 MPa were found, as presented in
Table 1. However, the tests stopped immediately after the peak stress of
the stress-strain curve. The tests were controlled by the average de-
formation of the four LVDTs. Before the peak stress, the average de-
formation kept increasing. However, after the peak stress, the average
deformation began to decrease. Increasing deformation is needed as
feedback signal to perform a stable test. Therefore, after the peak stress,
a sudden failure of the specimen occurred. The reasons are discussed in
detail in Section 3.3. In this case, the post-peak stress-strain curve
cannot be measured if the unnotched specimens were chosen.

3.2. Single notched cement paste pipes

Two single notched cement paste pipes (specimen 4 and 5) were

Δ

Δ

Δ

Δ

Fig. 5. Influence of increased height ( hΔ ), which is corresponding to Fig. 3b. Simulated stress-strain responses of the single notched cement paste pipe (Fig. 3b)
subjected to uniaxial tensile loading along vertical direction. Lattice elements behave as linear elastic (Fig. 6a). (a) hΔ =0mm, (b) hΔ =2.5mm, (c) hΔ =7.5mm
and (d) hΔ =15mm.
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tested in uniaxial tension, as shown in Fig. 1b. The stress-strain re-
sponses with post-peak softening information are presented in Fig. 4. As
can be found in Fig. 4a, after reaching the peak stress, LVDT 1 and
LVDT 2 kept increasing, and LVDT 3 and LVDT 4 started to decrease,
which was due to the localization of cracking. The tests changed to the
stage of unloading after reaching peak stress. Because of the decrease of
applied tensile load, the deformation of uncracked part also decreased,
which lead to the snap back phenomenon (LVDT 3 and LVDT 4). The
main crack started from the notch tip, which was located either be-
tween LVDT 1 and LVDT 2 or between LVDT 1 and LVDT 4. In Fig. 4a,
LVDT 1 and LVDT 2 continued increasing after peak stress, therefore
the main crack started at the notch tip between LVDT 1 and LVDT 2.
After peak stress, both of LVDT 3 and LVDT 4 decreased firstly and then
increased. LVDT 3 increased earlier. Therefore, the main crack con-
tinued to develop and passed the location of LVDT 3. After that, another
main crack started at the other notch tip between LVDT 1 and LVDT 4.
Since these two main cracks were at two different planes, an inclined
plane connected these two cracks and the whole specimen was

fractured finally, as presented in Fig. 2b. In specimen 5, the crack
propagates in the opposite direction as can be seen in Fig. 4b.

3.3. Discussion

The experimental results have shown that it was possible to obtain
the softening behavior of the very brittle cement paste pipes when a
notch was introduced.

For the notched specimens, the main crack started from the notch
(Section 3.2). The tests were controlled by LVDT 1, which was located
at the side of the notch. During the tensile tests, LVDT 1 kept increasing
until the end, even though the other three LVDTs may decrease after
peak stress, as can be found in Fig. 4a and b. It can be seen that the
average of the four LVDTs began to decrease after peak stress. For the
deformation controlled tensile tests, the increase of deformation is
needed for a stable test. If the tests of the single notched specimens are
controlled by the average of the four LVDTs, the post-peak stress-strain
curve can still not be obtained due to deformation decrease.

For the unnotched specimens in Section 3.1, the location for crack
nucleation and growth is unknown. Therefore, the tests were controlled
by the average of the four LVDTs, which started to decrease after peak
stress. As a result, the post-peak stress-strain curve cannot be obtained
during the experiments.

4. Numerical simulation results and discussion

4.1. Unnotched cement paste pipe

As mentioned in Section 3.1, the Young’s modulus of 20.3 GPa and
tensile strength of 5.7MPa were found experimentally for the un-
notched specimens.

For the simulations, a value of 20.3 GPa was chosen as the Young’s
modulus of the lattice elements. The cross section of the lattice elements
was adjusted so that the global Young’s modulus of the specimen was
also 20.3 GPa. However, the tensile strength of the lattice elements
needs to be determined through inverse modelling.

A linear elastic behavior for the lattice elements was assumed. The
external tensile loading was imposed on the top and bottom surfaces in
the z-direction (Fig. 3a). It was found that the global tensile strength of
5.7 MPa for the specimen could be achieved when the local tensile
strength of 6.8MPa was applied on the lattice elements.

In that way, the Young’s modulus and tensile strength of lattice
elements were obtained based on the experimental results, which are
presented as point 1 in Fig. 6.

4.2. Single notched cement paste pipe

This section discusses the simulations of the single notched spe-
cimen (Fig. 3b). The external tensile loading was imposed on the top
and bottom surfaces in the z-direction. The linear elastic part of lattice
elements was obtained in Section 4.1 (point 1 in Fig. 6). In this section,
the softening part of lattice elements is discussed.

4.2.1. Influence of increased height of simulated structure
As discussed in Section 2.3, in order to simulate the situation in

experiments, the length of the simulated pipe was chosen to be larger.
The increased height is expressed as “ hΔ ” (Fig. 3b). The Young’s
modulus and tensile strength of lattice elements were chosen as
20.3 GPa and 6.8MPa, respectively, as shown in Fig. 6a.

The simulated stress-strain responses of specimens with different
increased height ( hΔ ) are shown in Fig. 5. As can be found in Fig. 5a,
when the height of the simulated pipe was the same as the experiments,
the responses of the four NOLs were also the same. When the increased
height ( hΔ ) was above 0, the responses of the four NOLs started to be
different. A larger increased height ( hΔ ) can lead to a greater difference
among the four NOLs. In experiments, the strain of LVDT 1 at peak load

Fig. 6. Assumed local mechanical properties of lattice elements. (a) Simulation
linear 1 (linear elastic behavior), (b) simulation multi-linear 2, 3, 4 (multi-
linear behavior) and (c) simulation multi-linear 5 (multi-linear behavior).
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was close to 0.1‰ (Fig. 4a and b). In Fig. 5d, the strain of NOL 1 at peak
load was also close to 0.1‰. Therefore, hΔ =15mm was chosen for the
following simulations.

4.2.2. Influence of local mechanical properties of lattice elements
Five simulations were carried out. The linear elastic behavior was

used for the lattice elements in “simulation linear 1”. For the other four
simulations, the softening behavior was applied on the lattice elements.
The assumed local mechanical properties were shown in Fig. 6. Point 1
in Fig. 6a, b and c are even, which was obtained in Section 4.1. The
other points were assumed, which formed a multi-linear curve for each
case. One more point was added on “simulation multi-linear 4” to form
“simulation multi-linear 5”.

The simulated stress-strain responses of the specimen are presented
in Fig. 7. The softening behavior of the specimen closer to the experi-
mental result can be obtained by changing the local softening behavior
of lattice elements, as presented in Fig. 7e.

Furthermore, the comparisons between experimental and simulated
stress-strain responses of the specimen are summarized in Fig. 8. The
strain in the curves stands for average strain of the four LVDTs or NOLs.
The corresponding local mechanical properties applied on lattice ele-
ments are shown in Fig. 6. The softening part of the simulated curves is
quite different among the simulations (Fig. 8f). Fig. 8e shows the best
simulated results compared with the other four simulations, and mat-
ches the experimental curves. To some extents, by changing the shape
of the softening part of local mechanical properties, an even better

match can be obtained.
The fracture energy of experiments and lattice elements with as-

sumed local mechanical properties is listed in Table 2, which was cal-
culated as the length in the loading direction multiplied by the area
below the stress-strain curve (Fig. 4c and Fig. 6) [17]. The length of
35mm was used for calculations in experiments, and the length of
0.25mm was assumed for calculations in lattice elements. It can be
found that the fracture energy of “simulation multi-linear 5” is similar
as the fracture energy of experiments. Therefore, if the fracture energy
of lattice elements with assumed local mechanical properties is closed
to the fracture energy of experiments, the simulated stress-strain re-
sponses of the specimen is also close to the curves measured by ex-
periments.

The simulated cracking process caused by uniaxial tensile loading
are shown in Fig. 9. Fig. 6c was used as the local mechanical properties
of lattice elements. The corresponding stress-strain response at certain
analysis step is marked in Fig. 7ted in Fig. 9, it is found that the crack
first started at the notch between NOL 1 and NOL 2. Then another crack
started at the notch between NOL 1 and NOL 4. Finally, these two
cracks met at the location between NOL 3 and NOL 4. As can be seen,
these two cracks were at two different planes, therefore, an inclined
plane made these two cracks connect. As shown in Fig. 7k stress, NOL 1
continued to increase, however, the other three NOLs started to de-
crease. Afterwards, NOL 2 first started to increase, followed by NOL 3
and then NOL 4. That also indicated that the crack first started at the
notch between NOL 1 and NOL 2. It can be concluded that the

Fig. 7. Simulated stress-strain responses of the single notched cement paste pipe (Fig. 3b, hΔ =15mm) subjected to uniaxial tensile loading along vertical direction.
The local mechanical properties of lattice elements are referred to Fig. 6. (a) Simulation linear 1, (b) simulation multi-linear 2, (c) simulation multi-linear 3, (d)
simulation multi-linear 4 and (e) simulation multi-linear 5.
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simulated cracking process is similar to the experimental observation.

4.3. Discussion

The linear elastic part of lattice elements (Fig. 6a) was obtained
after simulations of the unnotched specimen. Afterwards, based on si-
mulations of the single notched specimen, the softening part of lattice
elements was suggested, as shown in Fig. 6c. When the curve in Fig. 6c
was used for the local properties of the lattice elements for the un-
notched specimen, this has an influence on the tensile strength of the
specimen. Because part of the material is most probably already in the
softening regime when the peak load is reached. It was found that the
simulated tensile strength of the specimen is 6MPa, which is just a

slight increase of the tensile strength.

5. Conclusions

In this study, cement paste pipes with a wall thickness of 2.5mm
and a water/cement ratio of 0.40 were used. The uniaxial tensile tests
were carried out on specimens after 90-day limewater curing. The
mechanical properties of the unnotched and single notched specimens
were investigated experimentally and numerically. Firstly, a uniaxial
tensile loading was applied on unnotched specimens along longitudinal
direction. A Young’s modulus of 20.3 GPa and tensile strength of
5.7 MPa were found. However, the softening behavior of the specimen
cannot be obtained, because the material is too brittle. After that, the

Fig. 8. Results of the single notched cement paste pipe (experiment: Fig. 1b, simulation: Fig. 3b, hΔ =15mm) subjected to uniaxial tensile loading along vertical
direction. Strain is the average value of the four LVDTs or NOLs. Comparisons between experimental and simulated stress-strain responses (a) simulation linear 1, (b)
simulation multi-linear 2, (c) simulation multi-linear 3, (d) simulation multi-linear 4, (e) simulation multi-linear 5 and (f) comparisons among simulated stress-strain
responses.

Table 2
Calculations of fracture energy.

Fracture energy (J/m2)

Simulation linear 1 0.3
Lattice elements with assumed Simulation multi-linear 2 0.6
local mechanical properties, Simulation multi-linear 3 1.8
corresponding to Fig. 6 Simulation multi-linear 4 5.7

Simulation multi-linear 5 7.2

Experimental results, Experiment - specimen 4 7.1
corresponding to Fig. 4c Experiment - specimen 5 8.9
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specimens with a notch were also subjected to uniaxial tensile loading.
A single notch was sawn at one side of the specimens at half-height,
which can trigger crack growth from a known location. Therefore, the
complete stress-strain responses with softening information were ob-
tained.

A 3D lattice model with a mesh resolution of 0.25mm/cell was
constructed to simulate the stress-strain responses measured by uniaxial
tensile experiments. A single notch was also applied at the half-height
of the simulated pipe, which was the same as the experimental setup.
Both of the unnotched and single notched specimens were simulated.
The local mechanical properties of lattice elements were discussed.
After the tensile simulations of the unnotched specimen, the Young’s
modulus of 20.3 GPa and tensile strength of 6.8 MPa were obtained for
lattice elements. Afterwards, the softening behavior of lattice elements
was studied by the tensile simulations of the single notched specimen.
The mechanical properties which behave as a multi-linear curve were
achieved for lattice elements. The simulated stress-strain responses of
the four NOLs and cracking process were compared with the experi-
mental observations. It was found that the simulated results matched

quite well with the experiments.
Performing fracture tests on extremely brittle material, like the ce-

ment paste used in this study, is quite difficult. In this paper, a method
to perform such tests by using notched and unnotched specimens is
shown. From these tests, local mechanical properties could be fitted
that are used in simulations with a discrete element (lattice) model.
This simulation method is further used to perform predictions of cement
paste specimens with a similar geometry exposed to external sulfate
attack. More details can be found in Ma [18].
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