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A B S T R A C T   

Foamed concrete is an essential material in engineering that can be categorized into two types based on density 
distribution, namely uniform foamed concrete (UFC) and gradient foamed concrete (GFC). However, there exists 
a research gap concerning the mesoscopic deformation mechanism of UFC and GFC. The objective of this 
research is to bridge this gap by examining the quasi-static compression characteristics of UFCs with three 
distinct densities and GFCs with different density sequences. The results reveal that the strength of pore walls 
significantly influences the failure mechanism of UFCs with varying densities. Specifically, UFCs with low density 
exhibit weak pore-wall strength, leading to stress concentration at the pore-wall junction. During compression, 
these weak pore walls are widely dispersed within the specimen, resulting in a powdering failure mode. 
Conversely, UFCs with high density possess stronger pore walls, which prevent the powdering failure mode by 
maintaining adequate pore-wall strength. Nevertheless, the existence of a dominant crack within the specimen 
results in a splitting failure mode. In the context of GFCs, deformation occurs in a sequence from low to high 
density, with each layer exhibiting a failure mode corresponding to its density. Note that the last-deforming layer 
in this brittle gradient foam cannot attain the strength of the corresponding uniform foam. This is due to the 
failure of the second layer, which results in uneven contact surfaces and prompts the third layer to crack 
simultaneously. Finally, a statistical model is developed to forecast the compressive Stress–strain curve of foamed 
concrete, demonstrating remarkable agreement with experimental data.   

1. Introduction 

Foamed concrete (FC) [1–4], a hybrid material that combines the 
characteristics of foam [5–7] and concrete [8–10], has proven to be a 
versatile asset in various engineering applications. It is distinguished by 
its superior energy absorption capabilities, high specific strength, and 
high specific stiffness [11,12]. Additionally, it provides robust structural 
support and can be produced on a large scale [13–15]. Hence, FC finds 
extensive application in aviation safety, infrastructure development, 
and transportation, including aircraft arresting systems [16,17], track 
subgrade fillers [18,19], and backfilling of underground engineering 
structures [20]. The complex internal pore structure and varying com-
ponents of FC contribute to the influence on its compressive behavior. 
Density [21,22], pore characteristics [23,24], foaming agent [25], and 
inclusions [26–29] are among these parameters. For instance, the 
impact of density and the height-to-diameter ratio on the failure 

characteristics of FC was investigated by Tan et al. [21]. It was observed 
that density has a greater influence on determining the failure modes of 
FC compared to the height-to-diameter ratio. Furthermore, external 
loading conditions such as temperature [30,31], strain rate [32,33], and 
multi-axial loading [34,35] also have an impact on the bearing capacity 
of FC. Experiments were carried out on FC with varying densities using a 
split Hopkinson pressure bar by Feng et al. [33]. They reported a notable 
strain-rate enhancement and density dependence of FC. It is important 
to mention that the porosity of FC significantly affects its compressive 
strength. 

Porosity (p) refers to the proportion of pore volume to the overall 
material volume, which is linked to the relative density (ρ) of the ma-
terial. In particular, p = 1 − ρ. Relative density refers to the proportion 
of the foam material’s density compared to the density of its matrix 
material. From this definition, it can be inferred that greater porosity in 
FC results in lower relative density and consequently lower load-bearing 
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capacity. Therefore, many strength prediction models for FC are based 
on its porosity or relative density [36–41]. For example, Nambiar et al. 
[40] investigated the impact of composition on FC strength and 
discovered that the strength–porosity model is highly accurate and easy 
to use. Guo et al. [41] developed a calculation model that accounts for 
nonlinear mechanical behavior, including the influences of damage, 
density, and temperature, and obtained good prediction results. How-
ever, the current research mainly focuses on quantifying macroscopic 
compressive strength. The X-Ray Computed Tomography (X-CT) method 
[42–46] has contributed to recent advancements in analyzing the 
mesoscopic deformation mechanism of FC. However, further develop-
ment is still necessary to facilitate the analysis of FC at the mesoscale. 

Recent advancements in the study of gradient foam materials have 
been noteworthy. While achieving a completely uniform distribution of 
pores within foamed concrete is not feasible, it is possible to engineer the 
process such that the pores exhibit a distinct gradient trend along a 
specific direction. This type of material is referred to as Gradient Foamed 
Concrete (GFC). In GFC, where pores are distributed in a gradient 
manner, the compressive behavior significantly deviates from that of 
Uniform Foamed Concrete (UFC). It should be noted that the term UFC is 
used here for comparative purposes, acknowledging that pore distribu-
tion is inherently non-uniform. Research has shown that gradient foam 
tends to deform initially from the lowest density, progressively 
expanding layer by layer towards higher density regions, excluding the 
inertial effect due to high velocity impacts [47,48]. However, when the 
inertia effect, induced by higher impact velocity, becomes significant, 
the deformation extension of the gradient foam is determined by the 
interplay of density gradient distribution and impact velocity [49,50]. 
These deformation laws for gradient foams are not only applicable to 
plastic foams such as metallic foams [51] and polymer foams [52], but 
also extend to brittle foams like foamed concrete [53]. In contrast to the 
stress plateau observed in uniform foams, gradient foams display a 
step-hardening behavior. The sequential collapse of different density 
layers within the specimen is responsible for this phenomenon. The 
Stress–strain response of the gradient foam can be adjusted by manip-
ulating the layering gradient and varying the thickness of each layer. 
Consequently, the pore distribution of gradient foam can be engineered 
to satisfy specific engineering requirements [51–56]. Recently, the 
compressive response of FC was analyzed by Xu et al. [57] using 
mesoscale finite element analysis to examine the effects of porosity, 
gradient, and impact velocity. According to their report, GFC induces 
initial deformation in the area with the greatest porosity (which corre-
sponds to the lowest relative density) without considering the inertia 
effect. Novel attempts were made by Zhou et al. [53] to enhance the 
energy absorption capacity by stacking four FC specimens with varying 
densities (400, 600, 800, and 1000 kg/m3) in a GFC configuration. It was 
observed that the density difference between adjacent layers could 
mitigate the propagation of cracks and improve the mechanical per-
formance of GFC. Nevertheless, there is a lack of research on GFC, 
especially in the experimental investigation of the deformation 
mechanism. 

This paper aims to investigate how density affects the deformation 
mechanism of FC, considering both uniform and gradient densities. To 
achieve this, three types of FC with different densities are prepared, and 
GFC with various gradient distributions is designed by arranging 
stacking sequences. Quasi-static compression experiments are per-
formed on both UFC and GFC to investigate the impact of density dis-
tribution on compressive strength and failure mode. The stress 
distribution in the specimen is analyzed using mesoscale finite element 
simulation to reveal the deformation process and failure mechanisms 
observed in experiments. Finally, a statistical model is presented to 
describe the compressive strength of foamed concrete, providing accu-
rate predictions that are consistent with experimental results. 

2. Experimental results and discussion 

2.1. Specimen preparation 

The experimental specimen was made from a combination of fast 
hard sulphoaluminate cement, fly ash, water, admixture CH3COONa, 
foaming agent H2O2, and polypropylene fiber. To prepare the specimen, 
the cement slurry was first created by mixing cement, fly ash, and water 
as the gel material. Foaming agent was then added to create closed pores 
within the slurry. The resulting mixture was poured into cylindrical 
molds and left to harden. Following the process of solidification, the FC 
underwent division into cylindrical specimens measuring 80 mm in 
diameter and 30 mm in height. All specimens were then conditioned for 
30 days. In this work, FC specimens were prepared with densities of 
around 150 kg/m3, 300 kg/m3 and 450 kg/m3 to distinguish them from 
the previous study where specimen densities ranged from 400 to 1000 
kg/m3 [53]. UFC-L, UFC-M, and UFC-H refer to the uniform foamed 
concrete with lower density (~150 kg/m3), medium density (~300 
kg/m3), and higher density (~450 kg/m3), correspondingly. The density 
of the matrix material corresponding to FC was measured to be 
approximately 1000 kg/m3 by grinding FC into a dense powder. Hence, 
the relative densities of the three specimens are approximately 0.15, 
0.30, and 0.45, respectively. Moreover, the GFC is composed of three 
layers of UFC, each maintaining a consistent thickness with the UFC. The 
GFC-LMH represents a three-layer gradient foamed concrete with lower, 
medium, and higher density distributed along the loading direction. In 
this study, a control specimen consisting solely of stacked UFC-M is 
established to consider the effect of the stacked interfaces. The 
UFC-MMM is a three-layer uniform foamed concrete, with each layer 
maintaining a medium density (~300 kg/m3). 

2.2. Experimental set-up 

The FC specimens underwent quasi-static compression tests using a 
universal testing machine, following the ASTM D1621-16 standard. The 
specimens were placed between two parallel plates. To reduce surface 
friction, the contact surface between the specimen and steel plate was 
lubricated. The universal testing machine was utilized to ensure a 
consistent strain rate (0.001 s− 1) during the quasi-static loading. To 
capture the deformation process of the FC specimens, a digital camera 
(MER-1070-14U3C-L, Daheng Technology Ltd.) was placed in front of 
the testing machine. The resolution and sampling frequency were set to 
1280 × 800 pixels and 14 fps, respectively. The compressive stress σ of 
the specimens was determined by dividing the load value F from the 
universal testing machine by the initial cross-sectional area A0 of the 
specimen. The strain ε of specimens was determined by dividing the 
axial deformation length ΔL of the specimen by its initial axial length L0. 
The data processing involved deducting the rigid body displacement of 
the universal testing machine. 

Fig. 1 illustrates three repeatability experiments performed on 
specimens UFC-H and GFC-LMH, that are chosen as representatives. 
However, because of the intricate nature of foamed concrete, there is a 
certain amount of variation in the peak stress. Overall, the results from 
the three tests conducted on both categories of specimens demonstrate 
satisfactory concurrence. Therefore, only one curve for each type of 
specimens is analyzed in the following. For specimen UFC-H (Fig. 1a), it 
exhibits typical mechanical characteristics of a foam material. Materials 
of this nature can be classified into three stages on the Stress–strain 
curve, specifically the elastic, plateau, and densification stages. In the 
elastic stage, the stress typically rises in a nearly linear manner as the 
deformation increases. During the plateau stage, the stress remains 
relatively consistent across a wide range of deformation. Afterward, the 
stress increases rapidly, indicating the onset of the densification stage. 
For specimen GFC-LMH (Fig. 1b), in contrast to UFC-H, the Stress–strain 
curve exhibits three distinct parts with varying stresses. The main reason 
is the existence of three layers of UFCs with varying densities. 

L. Xu et al.                                                                                                                                                                                                                                       
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2.3. Results of uniform density 

Fig. 2 illustrates Stress–strain curves for varying densities of UFCs. 
The compression strength of higher-density UFC (UFC-H) is notably 
greater than that of lower-density specimens (UFC-M and UFC-L). 
Moreover, the UFC with greater density demonstrates a more notice-
able strain-hardening characteristic, as the stress progressively rises 
with strain. This is due to the lower percentage of pores in higher-density 
specimens and more severe mutual contact of pore wall materials 
compared to low-density specimens. Consequently, with an increase in 
strain, a greater amount of material is engaged in the load-bearing 
procedure, resulting in the manifestation of strain-hardening 
characteristics. 

Figs. 3 and 4 illustrate the deformation processes of UFC-L and UFC- 
H, respectively, revealing distinct failure modes and crack propagation 
processes for specimens with different densities. In UFC-L (Fig. 3), the 
collapse process started with the rupture of pore walls, followed by 
gradual crushing of failed pores until they turned into powder. No 
dominant cracks were observed during compression. On the other hand, 
UFC-H (Fig. 4) exhibited vertical cracks during compression, gradually 
propagating throughout the entire specimen, causing it to split into 

several pieces by individual cracks. The same failure mode has been 
noted in previous studies on foamed concrete with higher density 
(400–1000 kg/m3) [53]. The damage mode of UFC-M was intermediate 
between the powdering and splitting failure modes and is not presented 
here for simplicity. 

The morphology of the specimen is shown in Fig. 5 following the 
completion of testing. At this point, the nominal strain is 0.8, indicating 
the complete collapse of the specimen. Fig. 5 indicates that the low- 
density UFC-L was severely powdered at the end of the compression 
process, while the higher-density UFCs left more noticeable broken 
pieces. The failure modes of UFCs with varying densities can be expli-
cated as follows. The low-density specimen, characterized by a high 
number of pores and thin inter-pore walls, exhibits a lower load-bearing 
strength. Consequently, upon the initiation of damage, the pore walls 
fracture, culminating in a powdering failure mode. Conversely, speci-
mens with higher densities, which possess fewer pores and thicker walls 
between them, demonstrate a higher load-bearing strength and fewer 
instances of pore wall breakage during failure. This results in the 
observation of large penetrating cracks, indicative of a splitting failure 
mode. Since the stress field distribution inside the specimens cannot be 
characterized experimentally, a finite element simulation in Section 4 
will further discuss and demonstrate these observations. 

2.4. Results of gradient density 

The Stress–strain curves for UFC-MMM and GFC-LMH specimens are 
compared in Fig. 6. Despite having identical overall densities, these 
specimens exhibit different forms of density distribution, thus war-
ranting their comparison. The second plateau stress stage of GFC-LMH 
mirrors that of UFC-MMM, given that the second layer of GFC-LMH 
possesses the same density as UFC-MMM. In contrast to UFC-MMM, 
GFC-LMH shows an early rise in stress after the second plateau. Un-
even contact surfaces during the compression of the second layer have 
resulted in the emergence of cracks in the third layer of GFC-LMH. 
Consequently, the third layer of GFC-LMH can be perceived as con-
taining an initial crack defect, a characteristic not observed in UFC- 
MMM. The aforementioned discussion is supported by the deformation 
process observed in the experiment, which is further elaborated on in 
the following section. 

Figs. 7 and 8 display the deformation process of UFC-MMM and GFC- 
LMH, respectively, at different strains. In Fig. 7, despite being a three- 
layer stack, UFC-MMM shows no significant difference in failure 
modes among the layers, exhibiting both powdering and splitting failure 
modes. In contrast, GFC-LMH is structured with three separate layers of 

Fig. 1. Verification of experimental reproducibility: (a) UFC-H and (b) GFC-LMH.  

Fig. 2. Stress–strain curves of UFCs with different densities.  

L. Xu et al.                                                                                                                                                                                                                                       
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Fig. 3. Deformation process of uniform foamed concrete with low density (~150 kg/m3) at different strains: (a) 0.0, (b) 0.2, (c) 0.4, and (d) 0.6.  

Fig. 4. Deformation process of uniform foamed concrete with higher density (~450 kg/m3) at different strains: (a) 0.0, (b) 0.2, (c) 0.4, and (d) 0.6.  

Fig. 5. Specimen morphology after experiments: (a) UFC-L, (b) UFC-M, and (c) UFC-H.  
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UFCs, each displaying a varying density, as depicted in Fig. 8. The failure 
progression of GFC-LMH can be conceptualized as a sequential failure of 
the UFCs across the different layers, proceeding from the layer with the 
smallest density to that with the largest. This implies that the failure 
modes are predominantly dictated by the density of the respective layer. 
The UFC-L layer demonstrates a powdering failure mode, the UFC-H 
layer exhibits a splitting failure mode, while the UFC-M layer presents 
a failure mode that is intermediate between the two. Moreover, as 
depicted in Fig. 8c, in the event of the second layer’s failure, cracks 
emerge in the third layer. It results in the absence of a plateau charac-
teristic in the Stress–strain curve’s third stage for GFC-LMH. This means 
that the interface is uneven due to the collapse of the second layer, 

which in turn prevents the third layer from reaching its expected 
strength. 

The Stress–strain curves for GFCs with different gradient configura-
tions are compared in Fig. 9. Overall, GFC with various gradient con-
figurations exhibit a similar trend and their values are closely matched. 
This suggests that under quasi-static loading conditions, the specimen 
reaches stress equilibrium at both ends and that GFC fails in order of 
increasing density. The deformation process of GFC-LHM is illustrated in 
Fig. 10. Irrespective of the stacking sequences of UFCs with varying 
densities, GFC always deforms in the order of density from low to high. 
Each layer exhibits failure modes corresponding to its respective den-
sity. The tests conducted in this study are limited to the quasi-static 
loading with a constant strain rate of 0.001 s− 1. Nevertheless, it is 
important to acknowledge that in cases of high-loading rates, the stress 
equilibrium between both ends of the specimen may be disrupted due to 
the inertial effect. At this point the gradient effect and the inertia effect 
jointly determine the mechanical response of GFCs. The conclusions of 
Fig. 9 cannot be generalized to this case. 

3. Numerical results and discussion 

The objective of the finite element simulations conducted with 
Abaqus/Explicit was to acquire the stress distribution within the spec-
imen and elucidate the differences in failure modes of FC with varying 
porosities. Foam models at the mesoscale were generated utilizing the 
Voronoi diagram and the space holder technique [58]. First, a collection 
of spheres was produced based on the Voronoi diagram. Then, a solid 
model was formed by subtracting the combined volume of all spheres 
using Boolean operations, as depicted in Figs. 11a and 12b. The size of 
the sphere was set to 1.35 mm in diameter, while the model’s geometry 
was adjusted to have a diameter and length of 10 mm each. This was 
done to strike a balance between computational accuracy and efficiency. 
To guarantee that the model accurately represents the research 
emphasis of the present study, the porosity in the model is kept 

Fig. 6. Stress–strain curves of UFC-MMM and GFC-LMH for comparison.  

Fig. 7. Deformation process of UFC-MMM: (a) strain = 0.0, (b) strain = 0.2, (c) strain = 0.4, and (d) strain = 0.6.  
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consistent with the experimental specimens. It is considered that 
different spheres may spatially overlap, thereby forming open cells. 
Consequently, the porosity is computed from the actual pore volume of 
the final foam model. Fig. 11c depicts the presentation of the finite 
element model for UFC-H. To simulate the quasi-static experiments, the 
FC specimen is positioned amidst two inflexible plates, with the upper 
plate descending at a consistent velocity of 1 m/s while the lower plate 
remains stationary. Despite the simulation’s faster loading velocity 
compared to the experiment, it has been proven that the specimen’s two 
ends can attain stress equilibrium during a 1 m/s impact. Recording the 

reaction force of the support plate determines the stress of the specimen. 
To replicate the interaction among the concrete elements, a general 
contact is established within the specimen with a friction coefficient of 
0.4. Due to the intricate geometric shape of the pores within the spec-
imen, regular meshing is not practical. Hence, the C4D10M tetrahedral 
element, which is a modified quadratic tetrahedron with 10-node and 
quadratic geometric order, is employed to discretize the specimen due to 
its remarkable suitability for intricate geometric boundaries. To ensure a 
precise calculation, the model is designed with a mesh size of 0.1 mm. 
UFC-H and UFC-L have 1,293,531 and 500,944 elements, respectively. 

Defining the foam’s matrix material becomes necessary once the 
numerical foam model is constructed. Otherwise, this model cannot be 
regarded as foamed concrete. To accomplish this, the matrix material of 
FC was described using the Johnson-Holmquist-2 (JH-2) damage model 
[58–60], which is widely accepted and referenced. The JH-2 model 
effectively describes the complete process of damage accumulation, 
property deterioration until crushing of brittle materials such as con-
crete. Hence, it finds extensive application in finite element analysis 
computations of brittle materials like concrete. The main framework of 
the JH-2 model is provided here. For convenience, more information 
about the model can be found at [58–60]. The strength of the JH-2 
model decreases as damage accumulates. The strength is denoted in 
terms of the equivalent stress: 

σ∗ = σ∗
i − D

(
σ∗

i − σ∗
f

)
(1)  

where σ∗
i and σ∗

f are the normalized intact equivalent stress and the 
normalized fractured equivalent stress, respectively. The damage vari-
able is represented by D. The damage values D = 0 and D = 1 represent 
the undamaged and completely damaged materials, respectively. 

For the undamaged materials D = 0, the normalized equivalent stress 
can be expressed as: 

σ∗
i = A(P∗ + T∗)

N
(1+Clnε̇ / ε̇0) (2) 

Fig. 8. Deformation process of GFC-LMH: (a) strain = 0.0, (b) strain = 0.2, (c) strain = 0.4, and (d) strain = 0.6.  

Fig. 9. Comparison of Stress–strain curves of GFC with varying gradient 
configurations. 
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For the completely damaged materials D = 1, the normalized 
equivalent stress can be expressed as: 

σ∗
f = B(P∗)

M
(1+Clnε̇ / ε̇0) (3) 

Here, A, B, C, M and N are the material parameters. The normalized 
hydrostatic pressure P* is defined as P/PHEL, where P is the actual hy-
drostatic pressure and PHEL is the hydrostatic pressure at the Hugoniot 
elastic limit. The normalized maximum tensile hydrostatic pressure T* is 
defined as T/PHEL, where T is the maximum tensile pressure that mate-
rial can withstand. 

The JH-2 model utilizes a damage accumulation where the damage is 
assumed to increase along with the plastic strain according to the 
following equations: 

D =
∑Δεpl

εpl
f

(4)  

where Δεpl is the increment of the equivalent plastic strain and εpl
f is the 

equivalent plastic strain at failure. Moreover, 

εpl
f = D1(P∗ + T∗)

D2 ; εpl
fmin ≤ εpl ≤ εpl

fmax (5)  

where D1 and D2 are both the material constants. εpl
fmin and εpl

fmax are the 
minimum and maximum values of the fracture strain, respectively. The 
pressure-volume relationship of a brittle material in the JH-2 model is 
given: 

P =

{
K1μ + K2μ2 + K3μ3 if μ ≥ 0

K1μ if μ < 0 (6)  

where K1, K2 and K3 are material constants. μ =
ρ
ρ0
− 1, where ρ and ρ0 

are the current and referent densities, respectively. When the material 
experiences failure, an additional pressure increment ΔP is included, 

Fig. 10. Deformation process of GFC-LHM: (a) strain = 0.0, (b) strain = 0.2, (c) strain = 0.4, and (d) strain = 0.6.  

Fig. 11. Geometric models for finite element simulation: (a) UFC-L, (b) UFC-H. (c) setup of finite element simulation of UFC-H. (The loading direction is shown with 
a red arrow in the figure.). 
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which takes 

P = K1μ + K2μ2 + K3μ3 + ΔP (7)  

where ΔP is determined by the considered energy. As the material ex-
periences damage, the deviatoric elastic energy ΔU decreases as the 
strength decreases. The decrease in elastic energy is converted into the 
potential energy through an increase in ΔP, which is: 

ΔPt+Δt = − K1μt+Δt +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(K1μt+Δt + ΔPt)
2
+ 2βK1ΔU

√

(8)  

where β is the fraction of the elastic energy increase converted into 
potential energy (0 ≤ β ≤ 1). 

Given the complexity of concrete materials, obtaining all necessary 
model parameters through simple experiments can be challenging. The 
main goal of the finite element simulations is to determine the distri-
bution of stress within the specimen and clarify the differences in failure 
modes of FC with varying porosities. Therefore, this study does not strive 
for the simulation model to match the stress values of the experimental 
curves. Instead, it necessitates that the simulation model accurately re-
flects the deformation characteristics of the concrete matrix. Hence, the 
material parameters utilized in this study are derived from references 
that have been verified through experiments. These material 

parameters, which have been confirmed by experimental data in refer-
ences [59,60], can be found in Table 1. To model the matrix material of 
foamed concrete, these parameters were integrated into Abaqus/Explicit 
as a user-defined material subroutine. To circumvent potential unreli-
ability, the parameters of the matrix material have been left unaltered. 
The study employs the space holder technique to model the foam, while 
the JH-2 model is used to characterize its concrete matrix, resulting in a 
highly effective simulation approach for foamed concrete. Further 
research could potentially broaden its scope to include other areas of 
study, such as investigating the effect of strain rate on matrix materials 
and exploring the effects of strain hardening, among various other 
possibilities. 

Finite element modeling is employed to enhance comprehension due 
to the difficulties in experimentally acquiring stress distribution within 
the specimen. Fig. 12 presents the stress contour of UFC-L and UFC-H at 
strains of 0.005 and 0.01, respectively. The distribution of stress within 
one-fifth of the cross-sectional diameter is illustrated in Fig. 12. This 
reveals that the UFC-L exhibits stress concentration at the pore-wall 
junction (as indicated by the red and green regions in Fig. 12a), where 
pore-wall failure transpires under subsequent loading (Fig. 12b). The 
UFC-L possesses a substantial number of pores, as denoted by the red 
circle in Fig. 12b, resulting in a higher number of weaker pore walls. The 
powdering failure mode occurs as a result of the widespread distribution 

Fig. 12. Numerical deformation process of UFC-L: (a) strain = 0.005 and (b) strain = 0.01; numerical deformation process of UFC-H: (c) strain = 0.005 and (d) strain 
= 0.01. (The center fifth of the cross section parallel to the direction of loading is chosen for display. The red circle box indicates the location of pore-wall fracture 
failure, and the red box represents the location of crack cleavage). 

Table 1 
Matrix concrete’s material parameters for the JH-2 model [58–60].  

ρ (kg/m3) G (GPa) A B N C  

2440 14.86 0.79 1.6 0 0.007  
M ε˙0 Smax T (GPa) εpl

fmin εpl
fmax 

PHEL (MPa) 

0.61 1 7 0.00354 0.001 1 48 
D1 D2 K1 (GPa) K2 (GPa) K3 (GPa) HEL (MPa)  
0.04 1 85 − 171 208 80   
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of these delicate pore walls within the specimen during compression. 
Conversely, UFC-H has fewer pores and thicker pore walls (Fig. 12c), 
which precludes the powdering failure mode by ensuring adequate pore- 
wall strength. However, the existence of a dominant crack within the 
specimen, as depicted in Fig. 12d, results in the splitting failure mode. 
The aforementioned differences in failure modes epitomize the most 
characteristic features of specimens with varying porosities. As the 
loading strain escalates, UFC-L continues to experience pore-wall fail-
ure, whereas UFC-H fails along the dominant crack. Hence, the findings 
of this research provide additional insights and a deeper understanding 
of the observed experimental phenomena. In summary, varying poros-
ities influence the cell-wall strength of foam concrete, which subse-
quently leads to differential failure modes. 

4. Phenomenological model 

The existing body of literature on FC primarily employs statistical 
models [36–41] based on material properties, such as the relationship 
between compressive strength and density. Nevertheless, there is a 
noticeable lack of models that can forecast the entire Stress–strain curve 
of FC. According to Wang et al. [61], a statistical model was proposed to 
take into account the deformation mechanism of the mesostructure and 
thus capture all features of Stress–strain curves exhibited by foams. This 
six-parameter statistical model is articulated in Eq. (9) 

σ(ε) = (Eε − B)e− (ε/λ)k
+ B +

Cε
(εm − ε)2 (9) 

The elastic modulus, collapse stress, and strain hardening parameter 
of the foam specimen are denoted as E, B, C, respectively. The scale 
parameter and the shape parameter are λ and k, respectively. εm is the 
maximal strain of the foam specimen and usually identified as 1. The 
scale parameter and the shape parameter are both insensitive to the 
relative density and are determined as 0.0335 and 1.469, respectively 
[62]. Eq. (9) was fitted to the experimental data of UFC specimens using 
the LAR–Levenberg–Marquardt method. Eq. (10) expresses the rela-
tionship between the relative density and the elastic modulus, plateau 
stress, and hardening parameter in an exponential law: 
⎧
⎨

⎩

E(ρ) = 461.4ρ2.009

B(ρ) = 12.77ρ2.872

C(ρ) = 1.068ρ3.408
(10) 

Thus, Eq. (9) can be rewritten as 

σ(ε) =
(
461.4ρ2.009ε − 12.77ρ2.872)e− (ε/0.0335)1.469

+ 12.77ρ2.872 +
1.068ρ3.408ε
(1 − ε)2

(11) 

Fig. 13 displays the Stress–strain curves for various specimens (UFC- 
L, UFC-M, and UFC-H), comparing the experimental data with the sta-
tistical model. The agreement between the prediction results of the 
model and the experimental data is evident. 

The Stress–strain curve of GFC is an amalgamation of the strengths of 
various layers of UFCs, implying that the mechanical response of the 
GFC can be predicted by integrating the Stress–strain curves of different 
UFCs. For example, by shifting the Stress–strain curves from the model 
in Fig. 13 along the x-axis with a strain increment of 0, 0.25, and 0.5 for 
UFC-L, UFC-M, and UFC-H, respectively, the Stress–strain curves of GFC- 
LMH can be juxtaposed with the experimental data and statistical 
model. In the experiments, the densified strain of GFCs is around 0.75, 
which refers to the point where the stress rapidly increases from the 
plateau stage to the densification stage. Considering that the GFC in this 
study comprises three layers, the designated increase in strain was 
decided to be 0.25. As depicted in Fig. 14, accurate prediction results are 
obtained for both UFC-L and UFC-M, while the predicted value for UFC- 
H exceeds the experimental results. The reason for this difference is due 
to the failure of the second layer, leading to uneven contact surfaces and 
simultaneous cracking of the third layer. Consequently, the final 
deforming layer in the brittle gradient foam cannot attain the strength of 
the corresponding uniform foam. In previous researches [47,48,52,54], 
plastic gradient foam showed a different behavior compared to the 
phenomenon described here. The Stress–strain curve of the foam in prior 
studies continuously increased. The initial deforming layer did not have 
a significant effect on the subsequent deforming layer. 

5. Conclusions 

The focus of this research is to investigate how density affects the 
deformation mechanism of foamed concrete, including both UFC and 
GFC. The findings underscore that UFC with a higher density exhibits 
greater compressive strength compared to its low-density counterpart. 
Moreover, the failure modes for these two types of concrete are distinct. 
Low-density UFC is characterized by weak pore walls that fracture under 
compressive loading, culminating in a powdering failure mode. On the 
other hand, UFC with high density exhibits excellent capacity to bear 
loads, resulting in fewer fractures of pore walls during loading. This 

Fig. 13. Stress–strain curves for various specimens (UFC-L, UFC-M, and UFC-H) 
and comparing them with statistical model and experimental data. 

Fig. 14. Stress–strain curves of specimen GFC-LMH by comparing the experi-
mental data with a statistical model. 
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ultimately leads to large penetrating cracks and a splitting failure mode. 
In the case of GFC, which comprises three layers of UFCs with varying 
densities, each layer deforms in a sequence from low to high density. 
Each layer manifests a failure mode that corresponds to its specific 
density. However, it is noteworthy that the last-deforming layer in GFC 
cannot achieve the strength of the corresponding UFC. Cause the uneven 
contact surface causes cracks to appear in the third layer when the 
second layer is compressed. Finally, a statistical model is developed to 
represent the compressive strength of foamed concrete. The predictions 
generated by this model closely match the experimental findings. 
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