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This work presents a study of mechanical properties of foamed concrete at the meso-scale based on a combi-
nation of X-ray computed tomography (XCT) technique and a discrete lattice type fracture model. The micro-
structure of the foamed concrete with different densities was obtained by XCT technique and binarized as two-
phase (pore/solid) materials. The parameters (e.g., porosity, pore diameter and spacing distribution) of foamed
concrete air-void structure were characterized. The virtual specimens were subjected to computational uniaxial
compression, Brazilian splitting and three-point bending test to calculate strengths and elastic modulus. The
mechanical properties of solid phase were derived from the recent outcome of micromechanical models. Two
types of element input parameters were used to investigate the influence of the input parameters on the simu-
lated results. The modelling results (strength value and fracture pattern) were compared with the experiments. It
shows that, without further calibration, the lattice model can predict the mechanical strength and crack pattern
with good accuracy. The fracture toughness Kjc was derived using three-point bending strength and the average
pore diameter. The results indicate that the presence of air-void structure increases the brittleness and reduces

the fracture toughness of the foamed concrete.

1. Introduction

Foamed concrete is a light cellular construction material with
random air voids created by the entrapped foam agent [1]. It can be
designed to have a density ranging between 400 kg/m> and 1900 kg/m>
[2-4]. Due to its interesting characteristics such as self-compacting, low
unit weight, adjustable compressive strength and convenient prepara-
tion, it has been widely applied in structural members [5-7], filling
grades [8-10], and road embankment infills [11].

Due to the wide application of foamed concrete in the field of engi-
neering, understanding of its mechanical properties and fracture
behavior is of great interest. The mechanical properties of foamed
concrete are affected by a number of parameters, such as density, binder
material, water/binder ratio, curing condition and air-void structure
[12,13]. It has been reported that compressive strength has a direct
relationship with density where a reduction in density adversely affects
the strength [3]. The pore size in foamed concrete can vary from
nanometer to millimeter, and is one of the major factors affecting its

mechanical properties [14-19]. Guo et al [20]and Nguyen et al [21]
have correlated the mechanical properties of foamed concrete with pore
parameters, such as shape factor (flatness index and elongation index)
and sphericity. Nambiar et al. [22] observed that higher porosity seems
to produce larger voids, resulted in wide distribution of void sizes and
lower strength. Kuzielova et al. [23] proposed that a decrease in pore
size promoted the increase of the strength of foamed concrete.

In addition to the experiments, numerous efforts have been made to
model the fracture behavior of foamed concrete. In terms of the fracture
model, two aspects should be considered. The first one is how to obtain a
realistic material structure, especially the pore structure. This can be
achieved by numerical approaches or experiments. Compared with ex-
periments, the computer generated material structure models [24] are
easier and faster. However, pores are generally described as spheres in
this approach, which is not always correct for foamed concrete. There-
fore, although the experimentally obtained material structure has a
disadvantage in terms of spatial resolution, the realistic pore shape and
size distribution can be captured. Over the past decades, huge advances
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Table 1
Chemical compositions of the P.I 42.5 cement.
Materials Si0y Al,03 Fe,03 CaO MgO SO3 Na,O LOI
OPC 20.08 5.09 3.81 63.41 2.06 2.33 0.55 1.72
depicted by a collection of discrete beam elements. The heterogeneity of
Ta,b_le 2 . materials at meso-scale is performed by assigning different mechanical
Mixing proportion of prepared foamed concrete. properties of these beams. The fracture is accounted with the beam
Mix Targeted wet density ~ w/  Cement (kg/ ~ Water (kg/  Foam (kg/ stiffness deterioration and eventual removal [30,31,37]. As for DEM, the
(kg/m?) ¢ m’) m’) m’) materials constituents were modeled by discal, spherical [34] and
M600 600 0.5 386 193 20.5 polygonal particles [38]. The force transfer between particles is ach-
M700 700 05 454 227 18.8 ieved through contact interaction. The motion of the particles is resolved
M800 800 05 521 261 172 using rigid body dynamics [39]. Inter-particle spring elements are
inserted to model the cohesion between the various phases of the ma-
terials. The spring elements enable separation of the particles when the
Table 3 internal force of spring exceeds the bond strength [40]. In this way, the
Mechanical tests performed on foamed concrete. fracture process can be simulated. The continuum models are generally
Mechanical properties Sample dimension (mm) Loading speed based on the finite element method (FEM) [41,42] and some in-

40 mm x 40 mm x 40 mm 0.8 mm/min
40 mm x 40 mm x 40 mm 1 mm/min
40 mm X 40 mm x 160 mm 0.2 mm/min

100 mm x 100 mm x 300 mm -

Uniaxial compression strength
Brazilian splitting strength
Three-point bending strength
Elastic modulus

have been made in the microstructural characterization techniques. A
good resolution of the microstructure can be provided by scanning
electron microscopy (SEM) [25]. Ge et al.[4] observed the pore structure
of foamed concrete using SEM and calculated the pore size distribution.
However, the main shortcoming of this technique is that only 2D
microstructural information can be captured. X-ray Computed Tomog-
raphy (XCT) is a nondestructive technique for visualizing interior fea-
tures within solid objects. It can be used to resolve full 3D microstructure
of cementitious materials with spatial information on pore and solid
phase, thus becoming an attractive technique for acquiring a 3D
microstructure of foamed concrete [26,27]. In Ref [28], foamed con-
crete is described as porous matrix-inclusion material by means of X-ray
tomography. She et al. [29] used XCT to study the hydration products
and the microstructure of foamed concrete.

The second aspect is applying a suitable mechanical model to
simulate the mechanical properties and fracture behavior of the gener-
ated material structure. At the mesoscale, both continuum-based and
discrete-based numerical approaches have been utilized. These include
lattice model [30,31], discrete element model (DEM) [32-34] and
continuum model [35,36] etc. In lattice model, the continuum is
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vestigations were carried out based on peridynamics [43]. In these
models, the fracture process are explicitly simulated using interface el-
ements [44,45], damage models [46,47] or the extended FEM [48].
Several models have been utilized to investigate the mechanical prop-
erties of foamed concrete. For example, Viejo et al. [49] utilized con-
crete damage plasticity (CDP) model to estimate and predict the
compressive and tensile strengths of porous cementitious materials.
Ref. [50] used the CDP model in ABAQUS to model the compressive
behavior of foamed concrete and elucidated the failure mechanism of
foamed concrete. Kim et al [51] investigated the mechanical responses
of foamed concrete under uniaxial tension using the phase-field fracture
model and correlated the mechanical responses with microstructural
characteristics. In Ref. [52], the DEM was calibrated and validated based
experimental results and was used to characterize the compressive
behavior of foamed concrete. However, it is worth mentioning that the
physical dimension of the specimen simulated by the numerical models
are quite different from the tested specimen. The simulated mechanical
properties are therefore questionable on guiding the experimental
design because of the size effect [53-55].

To this end, a comparison between experiments and numerical
modelling was carefully designed in the current study. The physical
dimension of tested and simulated specimens is kept the same. Foamed
concretes with various wet densities (600 kg/m>, 700 kg/m® and 800
kg/m®) and multiple loading conditions (uniaxial compression, Brazil-
ian splitting and three-point bending) were considered. The foamed

(b)

Fig. 1. Schematic diagram of ROI: (a) An example cross sectional XCT image of ROI; (b) 3D diagram of ROI.
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1.5

concrete was modelled as a two-phase material. Its material structure
Gray-total was derived from XCT scanning. A discrete lattice model was used for

= = Gray-pore modelling the fracture process and predicting the mechanical properties

=+ = Gray-solid (e.g. strength and elastic modulus). As a compromise between compu-
T Solid tational efficiency and model accuracy, a two-dimensional model was
adopted herein. As it has been shown in the literature that the intro-
duced air voids has limited effect on the properties of the binder material
[56], constitutive relations of the hydrated cement paste were directly
derived from the results of micromechanical model presented in the
authors’ previous work [57]. In order to consider the stochastic features
of pore structure, ten 2D material structures were randomly selected
from the XCT images. The reasonable agreement between simulation
and experiment shows that the proposed modelling strategy is capable
for prediction of mechanical properties and fracture behavior of foamed
concrete. The fracture toughness Kjc was determined through three-
point bending strength and the average pore diameter. In addition, the
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Gray-level Table 4 )
Porosity of foamed concrete for each mix.
Fig. 2. Phases evolution through greyscale level histogram of CT images. Mix Porosity (%)
M600 37.72 %
M700 30.59 %
M800 24.38 %

(b)

Fig. 3. Comparison of the image before and after image segmentation. (a) original grayscale image;(b) pore (white)and solid phases (grey) are isolated from the grey-
scale map.

(a) (b) (©

Fig. 4. The spatial distribution of the segmented pore phase for each mix: (a) M600 ; (b) M700 ; (c) M800.
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Fig. 5. The schematic diagram of air-voids spacing.

effects of porosity on mechanical properties for foamed concrete were
examined a widely used empirical equation.

2. Experimental
2.1. Materials and sample preparation

P.I 42.5 Portland cement produced by Fushun Cement Incorporated
Company (Liaoning, China), a protein-based anionic foaming agent or-
dered from Chilong Building Energy Saving Technology Co. Itd (Shan-
dong, China) and water were used to prepare the foamed concrete in this
study. Chemical composition of the cement used, as provided by the
supplier, are shown in.

Table 1. The foaming agent has a dilution ratio of about 40-50 and
the foaming ratio is about 1000-1200.

Mixtures with wet density of 600 kg/m?, 700 kg/m? and 800 kg/m?
were designed. The water to binder ratio was 0.5 for all the mixtures.
The proportions are shown in Table 2. A pre-foaming method [3] was
used for the mixture preparation. Water was first mixed with the cement
at a low speed of 145 + 5 rm for 90 s. This was followed by a 60 s high
speed (285 + 10 rm) mixing process. Simultaneously, standard foam
with density of 40 kg/m3 was produced and doped into the paste to mix
evenly until there was no white foam floating on the surface of the

70
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mixture. Before casting, the wet density was measured. Then, the fresh
mixture was poured into molds and covered with plastic sheet to prevent
water evaporation. After 24 h, the samples were demolded and stored in
a curing room (>95 % relative humidity (RH), 20 + 2 °C) for 28 days.

2.2. Mechanical loading

For the mechanical properties test, specimens with dimensions
described in Table 3 were cast and used for uniaxial compression, Bra-
zilian splitting, three-point bending and elastic modulus measurements.
Considering the heterogeneity of foamed concrete and its effect on
deformation and fracture properties, 10 specimens were used for each of
the tests. Crucial parameters for these mechanical tests are listed in
Table 3.

2.3. X-ray computed tomography and image processing

Cylindrical sample (®75mm x 200 mm) was prepared for each mix
and fixed in the rotatable stage of a high resolution micro-XCT system
(ZEISS Xradia 510 Versa) for acquiring raw greyscale images with a
source voltage of 140 kv and current of 72 mA. The sample was rotated
from 0° to 360°. 2000 shadow projections with a pixel size of 100 pm
were acquired (1004 x 1024 pixels). Each projection image was aver-
aged with an exposure time of 1.2 s. The reconstruction work was
conducted by the Dragonfly software. To reduce the influence of beam
hardening in the XCT experiment, a cubic region of interest (ROI) with
length of 40 mm was extracted from center of the specimen for threshold
determination which was used to segment pore and solid phase, see
Fig. 1. From Fig. 1, it is possible to observe features of pore (black),
hydration product (grey), and unhydrated cement grains (white). In case
of simplification, the foamed concrete was simplified as a two-phase
(pore and hydrated cement paste, i.e., solid phase) material. A decon-
volution approach was adopted to fit the greyscale level histogram by
two Gaussian distributions [51,58-60], see Fig. 2. The threshold grey
value (T) between pore and solid phases was therefore defined as the

Table 5
Average pore diameter and pore spacing of foamed concrete.

Mix Average pore diameter (pm) Average pore spacing (pm)
M600 744.33 120.56
M700 419.47 105.52
M800 371.55 105.60
30
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Fig. 6. (a) Pore diameter distribution; (b) Pore spacing distribution.
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(b)

Fig. 7. (a) overlay procedure for a 2D lattice mesh; (b) 2D Lattice model of foamed concrete based XCT image.
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intersection of the two Gaussian curves. Fig. 3 compares the image
before and after image segmentation. Fig. 4 shows the spatial distribu-
tion of the segmented pore phase for each mix. The porosity can be

calculated by the volume ratio between the pore phase and ROI. Note
that pores smaller than 100 pm cannot be detected due to the limits of
CT image resolution.
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Table 6
Input parameters of the lattice model.
Model Elastic modulus (GPa) Tensile strength (MPa)
Model-I Weibull distribution
m n m n
4.27 20.85 3.40 17.86
Model-II Average
19.36 16.25

The calculated porosity of each mixture is shown in Table 4. They are
consistent with the porosity derived using similar strategies [51,61]. As
expected, the porosity increases with the decrease of targeted wet
density.

2.4. Pore structure analysis

It is well-known that the size and spatial distribution of pore have a
significant influence on the mechanical performance of the porous ma-
terials. They can be determined based on the segmented pore phase from
ROIL. Calculation of pore size distribution was performed using a pro-
cedure presented by Dong et al. [62,63]. The pore spacing was defined
as the minimum distance among pores. As shown in Fig. 5, S1.3 is smaller
than Sj.3, and used to define the spacing of Pore 3. The distance between
pores can be calculated using the following Eq (1).

Sip = \/(X1 — X2)2 + (Y, — Yz)z + (2, —22)2 —R —R, (@)
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Here, X, Y, and Z represent the coordinates of the center of the pore.

The 3D pore size distribution and pore spacing distribution are
shown in Fig. 6. There are a few pores larger than 500 um present and
the amount of these pores increases with porosity, which may be caused
by merging and overlapping of smaller pores [20,24,56,64]. The pore
diameter is mainly concentrated in the range of 0.2 mm and 0.8 mm,
which accounts for more than 50 % of the total pores for all mixes. The
amount of pores decreases as the spacing gets larger. The spacing of most
pores is smaller than 150 um. The mean equivalent pore diameter and
pore spacing are shown in Table 5. Clearly, the mean pore diameter
decreases as the density increases. The average pore size and spacing of
M600 is the largest among all mixes.

3. Modelling
3.1. Modelling approach

Discrete lattice fracture models have been widely used to simulate
deformation and fracture of concrete[30,65,66]. The theory and concept
behind the model can be found in [67,68]. In the lattice model, the
continuum is schematized as a set of beam elements that can transfer
axial and shear forces and bending moments. All individual elements are
defined having linear elastic behavior. In order to consider the effect of
shear deformation, Timoshenko beam elements with a low ratio of
length to height was used [69,70]. Each element represents the prop-
erties of a small volume of material. The material heterogeneity can be
easily considered by overlaying a material structure to the lattice mesh.

—— o = = = o]

Fig. 10. Boundary conditions: (a) Uniaxial compression; (b) Brazilian splitting; (c) Three-point bending.
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Table 7
Measured mechanical properties of foamed concrete.

Targeted wet ~ Compressive Brazilian Three-point Elastic

density (kg/ strength (MPa) splitting bending modulus

m?%) strength strength (GPa)

(MPa) (MPa)

600 2.58 0.30 0.65 1.31 +
1.92 0.37 0.73 0.07
2.76 0.37 0.67
2.44 0.34 0.71
2.70 0.39 0.56
2.13 0.30 0.52
1.85 0.34 0.57
2.28 0.41 0.52
2.31 0.36 0.54
2.08 0.34 0.56

Average 2.30 £ 0.32 0.35 + 0.04 0.60 + 0.08

700 3.24 0.43 1.04 1.97 +
2.44 0.50 1.16 0.06
3.02 0.46 1.15
2.89 0.48 1.09
3.19 0.49 1.00
2.52 0.47 0.95
2.68 0.48 0.96
3.14 0.49 1.10
2.71 0.50 0.92
2.77 0.52 0.96

Average 2.86 + 0.28 0.48 + 0.03 1.04 £ 0.09

800 3.71 0.54 1.37 2.65 +
3.85 0.59 1.35 0.11
4.08 0.58 1.20
4.01 0.60 1.28
3.51 0.61 1.37
3.43 0.55 1.23
3.95 0.51 1.20
3.53 0.53 1.35
3.48 0.55 1.10
3.80 0.59 1.15

Average 3.74 £ 0.24 0.57 £ 0.03 1.26 £ 0.10

0.5 0.5
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Fig. 11. a, (black) and . (red) of three mixes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

To simulate the crack growth, a sequentially linear analysis approach is
adopted. In this way, unit prescribed displacement is imposed on the
lattice system, and a single element with the highest stress/strength
ratio is removing from the mesh at every loading step. This element is
then recorded as “failed” and removed from the mesh. The mesh is
updated and relaxed, then the loading is redistributed. The calculation
procedure will repeat until a predefined stopping criterion (e.g., load or
displacement) is reached. This method can express the physical process

Theoretical and Applied Fracture Mechanics 122 (2022) 103631

of fracture behavior, so that a realistic crack patterns as well as the
stress-strain response is obtained [71]. The procedure to generate the
lattice mesh and assign mechanical properties of elements is as follows.

First, a square with length of 40 mm (400 pixels) was randomly
extracted from the greyscale images obtained by XCT. Then a cell was
defined within each pixel and the node was randomly placed in it, as
shown Fig. 7a. The ratio between the size of cell and pixel defines the
randomness of the mesh. The randomness not only affects the simulated
fracture pattern [30], but also determines the Poisson’s ratio of the
mesh. In order to avoid large variations in length of element and
introduce geometry disorder of material texture, a randomness of 0.5 is
adopted. This randomness results in a Poisson’s ratio of 0.18 for the
global system, which is close to the cementitious materials. The final
lattice network was generated through Delaunay triangulation, see
Fig. 7b, as described by [68]. Two types of element were defined ac-
cording to the location of two ends of the element, namely: cement paste
and pore elements. The elements that have an end in the pore were
removed from the model, which means that the strength is 0, as shown in
Fig. 7a.

A series of linear elastic analysis was performed by calculating the
stress in each beam element based on the specific external boundary
condition. Normal force and bending moment were taken into account
for the stress calculation:
a = aN%]+aMw 2)

where N is the normal force along the element. My and My are the
bending moments in the local coordinate system. A is the beam cross-
sectional area. W is the cross-sectional moment of resistance. The co-
efficients ay and oy denote the normal force factor and the bending
moment influence factor. Their values are commonly adopted as 1.0 and
0.05, respectively [37]. Ref [72] discussed the influence of these
parameter values on the concrete fracture response.

In the present research, a multi-scale simulation scheme developed
by Zhang [53,73] was used to determine the input mechanical proper-
ties of cement paste. The input mechanical parameters of cement paste
at the meso-scale were derived from results of micromechanical
modelling. Note that the resolution at the meso-scale was chosen to
match the size of the investigated size of material volume at the micro-
scale. The readers are referred to Ref. [57,74,75] for more details about
the micromechanical modelling and Ref.[53,73,76] for the up-scaling
approach.

To consider the influence of the variation of input parameter on the
simulated behavior, two modelling strategies were used. The first one
(Model-I) assumed the input parameters follow a Weibull distribution
(Eq.3).

F(o) = 1 —exp| - (%)’"1 ®)

where ¢ is the fracture strength or elastic modulus, 7 is the scaling
parameter (characteristic strength), m is the shape parameter which is
used to describe variability in measured material strength of brittle
materials. These parameters were fitted from the results presented in the
authors’ previous study [57]. Fig. 8 shows the fitted results. The tensile
strengths and elastic moduli derived from the micromechanical simu-
lation are plotted in a Weibull coordinate system. A least-squares
method was used adopted. The distribution of tensile strengths and
elastic modulus are shown in Fig. 9. The second one adopted the input
elastic modulus and strength of hydrated cement paste as constant and
termed as Model-II. The constants were the average of the simulation
results presented in Ref. [57]. Table 6 shows the two groups of input
parameters.

3.2. Boundary conditions

The boundary conditions for the computational uniaxial
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Fig. 12. The comparison between simulated and experimental results: (a) Uniaxial compression; (b) Splitting tension; (c) Three-point bending.
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Fig. 13. Comparison of the simulated final fracture pattern of different mechanical properties: (a) Uniaxial compression with Model-I; (b) Uniaxial compression with
Model-II; (c) Brazilian splitting with Model-I; (d) Brazilian splitting with Model-II; (e)Three-point bending with Model-I; (e)Three-point bending with Model-II.
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Fig. 14. Simulated results of uniaxial compression about three mixes: (a) M600; (b) M700; (c) M800; (d) Comparison of compressive strength between simulation
and experiment.

Table 8 Table 9
Simulated compressive strength of foamed concrete. Simulated elastic modulus of foamed concrete.
M600 M700 M800 M600 M700 M800
Porosity Strength Porosity Strength Porosity Strength Porosity  Elastic Porosity  Elastic Porosity ~ Elastic
(%) (MPa) (%) (MPa) (%) (MPa) (%) modulus (%) modulus (%) modulus
3556 2.42 29.90 3.20 21.59 452 (GPa) (Gpa) (GPa)
35.62 1.97 30.09 3.24 22.33 4.47 35.56 1.77 29.90 2.14 21.59 2.73
36.20 2.35 30.17 2.67 23.91 4.38 35.62 1.57 30.09 2.06 22.33 2.78
37.11 1.74 30.28 3.09 24.70 3.95 36.20 1.64 30.17 2.10 23.91 2.82
37.44 2.09 30.55 2.92 24.71 3.96 37.11 1.72 30.28 212 24.70 2.73
37.86 1.96 30.93 3.15 24.81 4.07 37.44 1.24 30.55 2.03 24.71 2.69
37.88 2.22 30.93 2.87 25.03 4.02 37.86 1.43 30.93 1.79 24.81 2.64
38.56 2.24 30.94 2.98 25.20 3.99 37.88 1.47 30.93 1.78 25.03 2.47
38.57 1.88 31.07 2.62 25.71 4.24 38.56 1.29 30.94 1.97 25.20 2.48
39.18 1.85 31.07 2.59 25.78 4.12 38.57 1.55 31.07 1.87 25.71 2.63
39.18  1.12 31.07 1.73 25.78 2.34
compression, splitting tension and three-point bending tests are shown
in Fig. 10. The computational uniaxial compression test was performed deformation and rotation at both ends are not allowed.
by applying nodal displacement at one end and fixing the other. In order In terms of the computational Brazilian splitting test, a vertical
to consider the horizontal restriction imposed by the steel plates, lateral displacement was applied on 10 nodes closest to the middle axis on both
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Table 10
Summary of simulated uniaxial compression test.

Mix Porosity (%) Compressive strength (MPa) Elastic modulus (GPa)
M600 37.40 £ 1.27 2.07 £ 0.23 1.48 £ 0.21
M700 30.59 + 0.45 2.93 +£0.24 1.96 + 0.16
M800 24.37 +1.39 4.17 £0.22 2.63 £ 0.15

Note: the data in table is addressed as: average + standard deviation (variation
coefficient).

top and bottom ends (Fig. 10b). Regarding the computational three-
point bending test, only the material within the two supports (span
length: 100 mm) was considered in the model. A vertical displacement
was applied on 10 nodes close to the middle axis on the top and 10 nodes
at both side of the bottom end were fixed (Fig. 10c).

4. 4.Results and discussion
4.1. Experimental results

The experimentally measured mechanical properties of three mixes
are listed in Table 7. In particular, the compressive strength varies from
2.05 to 2.70 MPa for M600, while that of samples of M700 and M800 are
in the range of 2.44 to 3.24 MPa and 3.43 to 4.08 MPa, respectively. The
variations are attributed to the heterogeneity of the material structure.
The average compressive strength of M600 is equal to 2.30 MPa, which
is 0.56 MPa and 1.44 MPa lower than M700 and M800. The average
splitting strength was 0.35 MPa, 0.48 MPa and 0.57 MPa for M600,
M700 and M800, respectively. The mean splitting strength of M800 is
18.75 % and 62.85 % higher than M700 and M600, respectively. The
three-point bending strength were 0.522 to 0.728 MPa for M600, 0.804
to 1.011 MPa for M700 and 1.103 to 1.372 MPa for M800.

In terms of the prepared foamed concrete, the ratio of splitting tensile

d)

(e)
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to compressive strength (asc = fs/f.) varies between 0.151 and 0.168,
while the ratio of three-point bending to compressive strength (a¢. = fi/
fo) varies between 0.26 and 0.36 for different mixes, as shown in Fig. 11.
For conventional concrete, the splitting tensile to compressive strength
ratio is generally in between 0.07 and 0.17 [77-79], and flexural to
compressive strength ratio is about 0.12 [80]. They are much lower than
the foamed concrete. The relationships between tensile and compressive
strength of conventional concrete does not apply for the foamed con-
crete. This may be attributed by the high porosity and large pore size
features of the foamed concrete.

3.0
® Experimental results
B Simulated results E
25
=
a0k %
e
2
S5 E
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=)
2
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m
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00 1 1 1
600 700 800
Wet density (kg/m®)

Fig. 16. Comparison of elastic modulus between simulation and experiment.

oy

6]

Fig. 15. Comparison of the final fracture pattern about uniaxial compression with three mixes: (a) M600; (b) M700; (c) M800 of simulated result; (d) M600; (e)

M?700; (d) M800 of experimental result.
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Table 11
Simulated Brazilian splitting strength of foamed concrete.
M600 M700 M800
Porosity Strength Porosity Strength Porosity Strength
(%) (MPa) (%) (MPa) (%) (MPa)
39.70 0.29 30.19 0.46 25.71 0.55
37.71 0.32 30.93 0.50 25.03 0.65
36.23 0.28 30.28 0.45 23.91 0.52
38.46 0.27 30.93 0.56 25.78 0.60
36.10 0.32 31.20 0.52 24.81 0.59
39.07 0.32 31.07 0.49 24.70 0.70
39.06 0.35 29.85 0.57 21.59 0.63
37.85 0.38 30.15 0.52 22.33 0.71
36.70 0.32 30.93 0.48 25.20 0.57
38.38 0.31 30.64 0.55 24.71 0.61

4.2. Modelling results

4.2.1. Influence of input parameters on simulated results

M700 was used to investigate the effect of input parameters on the
simulated results. The simulated stress-displacement responses and
experimental results are compared in Fig. 12. The shaded areas are taken
from 10 models using the upper and lower limits. Note that experiments
were ran in load control and only the maximum force (stress) was
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measured, so it is not possible to compare full load-displacement curves
between the experiments and the simulations. It can be found that the
predicted mechanical properties of foamed concrete using Model-I are
lower than those obtained using Model-II. Specifically, the simulated
average compressive strength, splitting tensile strength and three-point
bending strength of Model I are 17.5 %, 8.9 % and 21.8 % lower than
those of Model II, respectively. This is mainly attributed to the fact that
the mechanical properties following Weibull distribution of elements
introduce more defects into the model. The comparison between the two
simulated and experimental results is in good agreement.

Fig. 13 compares the crack patterns of the same material structure
simulated by Model-I and Model-II. It can be found that the main pat-
terns are the same in general. This can be attributed to the high porosity

Table 12
Summary of Brazilian splitting test.

Mix Porosity (%) Splitting strength (MPa)
M600 37.93 +£1.25 0.32 + 0.03
M700 30.62 + 0.46 0.51 + 0.04
M800 24.38 +1.39 0.61 + 0.06

Note: the data in table is addressed as: average + standard deviation (variation
coefficient).
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Fig. 17. Simulated results of Brazilian splitting about three mixes: (a) M600; (b) M700; (c) M800; (d) Comparison of compressive strength between simulation
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(d)

(e)

S0)

Fig. 18. Comparison of the final fracture pattern about Brazilian splitting with three mixes: (a) M600; (b) M700; (c) M800 of simulated result; (d) M600; (e) M700;

(d) M800 of experimental result.

Table 13
Simulated three-point bending strength of foamed concrete.
M600 M700 M800
Porosity Strength Porosity Strength Porosity Strength
(%) (MPa) (%) (MPa) (%) (MPa)
36.06 0.83 29.90 117 21.61 1.41
36.12 0.71 30.15 1.14 22.33 1.38
36.70 0.74 30.17 1.12 23.96 1.33
37.68 0.73 30.28 1.09 24.76 1.36
37.94 0.61 30.61 1.01 24.71 1.37
38.38 0.65 30.85 0.99 24.81 1.25
38.40 0.67 30.93 1.11 25.03 1.30
39.06 0.56 30.89 1.13 25.28 1.30
39.14 0.59 31.14 0.97 25.74 117
39.71 0.51 31.07 0.92 25.69 1.09

of foamed concrete which dominates the crack propagation. Difference
can also be observed. Model-I has a more torturous main crack and more
failure elements apart from the main crack. This is because that when
the properties of local solid element were assumed to follow the Weibull
distribution, weak spots were randomly introduced in the solid matrix,
which is more realistic. Therefore, Weibull distribution based-input
parameters were used for all remaining simulations.

4.2.2. Computational uniaxial compression test
Fig. 14 shows the simulated stress-strain curve of the foamed con-
crete with different densities. As the foamed concrete density increases,

12

the ultimate load bearing capacity also increases. Similar trends have
been reported in previous studies [1,81].This is because more air-voids
are formed in the low density mixtures [82]. It also can be explained that
there are relatively thicker internal pore walls and more uniform dis-
tribution of pores in the foamed concrete with higher wet density. The
compressive strengths were calculated from the stress—strain curves and
listed in Table 8. The average results of each mix are summarized in
Table 10. The initial pore structure of foamed concrete has a significant
effect on the compressive behavior of the material, which leads to the
variation of the same batch specimen. The average uniaxial compressive
strength of M600 is 2.07 MPa, which is 29 % and 50 % lower than that of
the M700 and M800, respectively. The compressive strength obtained
from the lattice model show good agreement with the experimental
results as shown in Fig. 14d. In addition, the standard deviations of
experiment and simulation of the three mixes are in good agreement.

Typical crack patterns at failure stage for the three mixes are shown
in Fig. 15 for comparison. Cracks tend to arise near the pore surface and
propagate along the weaker phases connecting the pores. Tortuous and
diagonal main cracks are observed in both experiments and simulation.

The initial slope of the stress-strain curve was used to derive the
elastic moduli which are listed in Table 9. Clearly, they show good
agreement with the experimental results (Fig. 16). The present study
shows that, with carefully design, it is capable of predicting the strength
and elastic modulus efficiently.

4.2.3. Computational Brazilian splitting test
The simulated splitting tensile strengths are listed in Table 11 and the
stress-displacement curves are plotted in Fig. 17. The splitting strength
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Fig. 19. Simulated results of three-point bending about three mixes: (a)M600; (b) M700; (c) 800; (d) Comparison of compressive strength between simulation

and experiment.

Table 14
Summary of three-point bending test.

Mix Porosity (%) Three-point bending strength (MPa)
M600 37.92 +1.28 0.65 + 0.11
M700 30.60 + 0.44 1.05 £ 0.07
M800 24.39 +1.39 1.30 + 0.10

Note: the data in table is addressed as: average =+ standard deviation (variation
coefficient).

of three mixes were 0.27 to 0.38 MPa for M600, 0.45 to 0.57 MPa for
M700 and 0.52 to 0.71 MPa for M800. As discussed in the previous
section, it can be explained that the predicted results show a certain
degree of variability, which is caused by the inherent heterogeneity of
the material in this length range. The comparison of splitting strength
between simulation and experiment is observed in Fig. 17d. The splitting
strengths obtained from the simulation are well in agreement with
experiment. The average results of each mix are summarized in
Table 12. It can be easily seen that the average of the simulated results
for the three mixes differs from the experimental results within 10 %:
while the strength of M600 from experiment is a bit higher than that
from simulation, the opposite is observed for M700 and M800. Similar to
the compressive strength, the Brazilian splitting strength of foamed
concrete decreases with an increase in foam volume content.

13

The simulated crack patterns at failure stage are compared in Fig. 18.
It is evident that, the specimen was split in half along the line of
concentrated load, although some local cracks appeared around the
crack tip and pores due to stress concentration. This is consistent with
the experimental observations as shown in Fig. 18. Similar fracture
pattern can also be observed in conventional concrete [83,84].

4.2.4. Computational three-point bending test

The simulated three-point bending strengths are listed in Table 13. It
is observed that the average strength value was 0.65, 1.05 and 1.30 MPa
for M600, M700 and M800, respectively. The strength increases with the
density. Fig. 19 presents the simulated stress-displacement curves.
Comparisons between experimental and simulated results are displayed
in Fig. 19d. The average strengths of each mix are summarized in.

Table 14. The simulated average strength was 7 % for M600, 1 % for
M?700 and 3 % for M800 higher than the experiments, respectively. Good
agreements are found between simulation (red curve) and experiment
results (blue curve).

The simulated and experimental fracture patterns at failure stage are
compared in Fig. 20. The three mixes simulation show similar main
cracks. Although the crack propagated tortuously around the randomly
distributed pores, it eventually moved towards from the bottom of
specimen to the upper along the top loading point. Furthermore, it can
be clearly seen that the crack patterns between the simulation and
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®

Fig. 20. Comparison of the final fracture pattern about three-point bending with three mixes: M600 crack pattern: (a) simulation (b) experiment; M700 crack
pattern: (c) simulation; (d) experiment; M800 crack pattern: (e) simulation; (f) experiment.

Table 15

The K¢ of different mix.
M600 M700 M800
Porosity Fracture Porosity Fracture Porosity Fracture

(%) toughness (%) toughness (%) toughness
(MPa \/m) (MPa \/m) (MPa \/m)

36.06 0.078 29.90 0.083 21.61 0.094
36.12 0.067 30.15 0.081 22.33 0.092
36.70 0.070 30.17 0.079 23.96 0.089
37.68 0.069 30.28 0.077 24.76 0.091
37.94 0.058 30.61 0.072 24.71 0.091
38.38 0.061 30.85 0.070 24.81 0.083
38.40 0.063 30.93 0.079 25.03 0.087
39.06 0.053 30.89 0.080 25.28 0.087
39.14 0.056 31.14 0.069 25.74 0.078
39.71 0.048 31.07 0.065 25.69 0.073

Table 16

Summary of fracture toughness.
Mix Average three-point bending Average pore Fracture

strength (MPa) diameter (pm) toughness
(MPa /m)

M600  0.65 + 0.11 744.33 0.061 + 0.009
M700 1.05 £ 0.07 419.47 0.074 £ 0.006
M800 1.30 £ 0.10 371.55 0.087 + 0.006

experiment show a good agreement.

It is observed that the flexural strength is about twice of the splitting
strength, indicating the fracture toughness is low. For brittle homoge-
neous materials, the fracture toughness K¢, defined by Linear Elastic
Fracture Mechanics (LEFM), is a key material property for crack initia-
tion and propagation, and therefore should be considered for foamed
concrete [85]. K¢, is typically measured according to the ASTM stan-
dard [86] using specimens with initial notches/cracks. It is also
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considered to be independent of the tensile strength f;. Hu et al. [87]
connected these two fundamental properties using fracture process zone
width at the peak fracture load. The Kjc can be calculated by the
following Eq. (4) [88,89].

Kic = 2fiv/3Ca ()]

Where f,. is the flexural strength and C. is the characteristic
microstructure of the material. In this study, the average pore diameter
was considered as Cp. The calculated K¢ of each specimen is listed in
Table 15. The average of Kjc is shown in Table 16. Compared with a
light-weight foam concrete prepared with weak aggregates [90] whose
fracture toughness K¢ is 0.35 MPa /m, the studied foamed concretes
possess much lower K¢ (0.061-0.087 MPa /m). It is mainly due to the
high porosity of foamed concrete. As it has found that the toughness of
conventional concrete [91] and mortar [92] is 1.46-1.80 MPa /m and
0.81-0.86 MPa /m, respectively. They are significantly higher than the
light weight concrete present in [90]. It shows that the pore increases
the brittleness of the material, and thus reduces the fracture toughness.
The low fracture toughness further explained the very low splitting
strength observed in this study.

4.3. Relationship between porosity and mechanical properties

In foamed concrete, pores act as stress concentration sites and pro-
mote failure under loading by introducing stress concentration. Hence,
an increase in pore volume reduces the elastic modulus and strength of
the material [4]. The shape, size and position of pores are all parameters
affecting the deformation and fracture properties [93]. Among those,
porosity is regarded as the governing parameter for mechanical prop-
erties of foamed concrete [14,16,18]. Although many efforts have been
made to correlate strength with porosity for foamed concrete [13,81],
few of them have focused on the splitting strength or three-point
bending strength. With respect to porous materials, quite a few equa-
tions have been proposed and developed for expressing the effect of
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Fig. 21. Relationship between predicted mechanical properties and porosity: (a) compressive strength-porosity; (b) splitting strength-porosity; (c) three-point

bending strength-porosity; (d) elastic modulus-porosity.

porosity on strength and elastic modulus [94-99]. The fitted
strength—porosity and modulus—porosity relations are given in Fig. 21.

In the current study, an exponential function (o}, = 09 e'kfp) [94] was
used to characterize the strength-porosity relation, in which o, stands
for strength at porosity P, oy stands for strength at zero porosity, k¢ is an
empirical constant fitted from the simulated results. For elastic modulus,
the fitting with the porosity was achieved with the linear function of (E,
= Eq (1-keP)) [95], in which E,, denotes elasticity modulus at porosity P,
E is the elasticity modulus at zero porosity, k¢ is an empirical constant
need to be fitted. The determination coefficient of the fitting is relatively
high for all cases. The fitted model predicts the compressive strength,
splitting strength, three-point bending strength and elastic modulus are
14.95 MPa, 1.83 MPa, 4.1 MPa and 1.76 GPa, respectively, when the
porosity tends towards 0. And as the porosity equal to 1, an elastic
modulus of —4.14 GPa was predicted. Clearly, the aforementioned
predictions are not realistic. Hence, one should be careful with how
these fitted parameters are used in practical applications beyond the
tested range. In order to improve the accuracy of the fitted function, it is
necessary to broaden the simulated results of specimens with porosity
lower than 20 % and higher than 40 %. This can be done by applying the
computational uniaxial compression, splitting tension and three-point
bending tests on the specimens with broader porosity range.
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5. Conclusions

The current study presents experimentally-informed discrete lattice
modelling of foamed concrete at the meso-scale. Two phases, namely
pore and hydrated cement paste were considered. The XCT and image
segmentation techniques were used to build the microstructure of
foamed concrete. A discrete lattice was used for the fracture process
modelling. The properties of hydrated cement paste were derived from
micro-scale modelling and assigned to the lattice element. It is shows
that the adopted modelling strategy can predict the mechanical prop-
erties (e.g., compressive strength, splitting tensile strength, three-point
bending strength and elastic modulus) and crack pattern satisfactorily
without further calibration. The following conclusions can be drawn:

o The pore diameter mainly concentrates in the range of 0.2 mm and
0.8 mm, which accounts for more than 50 % of the total pore for all
three mixes. The average pore diameter of foamed concrete de-
creases along with the increasing wet density. The number of pores
with a spacing less than 150 um reaches more than 50 % in all three
mixes.

In terms of the same material structure, Model-I predicts a smaller
strength and more torturous crack than Model-II due to the fact that
the local mechanical properties of hydrated cement paste following



N. Jiang et al.

Weibull distribution introducing weak points into the model, which

is more realistic.

The strength and elastic modulus increase along with the density in

both experiments and simulations. The comparison between exper-

iment and simulation proves that the adopted modelling strategy is
capable of predicting the mechanical properties and fracture
behavior of foamed concrete under various boundary conditions.

e The fracture toughness K¢ is obtained using three-point bending
strength and the average pore diameter. It shows that the existence of
pore increases the brittleness of the foamed concrete and decreases
the fracture toughness. The low fracture toughness explains the very
low splitting strength.

e Over the examined porosity of foamed concrete, ranging from 20 %
to 40 %, the exponential function and linear function can be regarded
as good representation for strength—porosity and modulus—porosity
relationships, respectively. However, the estimated mechanical
properties are not reliable with porosity towards 0 and 100 %.
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