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Abstract. This study conducted a quasi-static uniaxial compression test to 

investigate the compressive properties of foamed metal and cementitious com-

posites. The failure phenomenon, stress-strain curve, and compressive toughness 

index of the tested specimens were analyzed, and the compressive properties of 

the pure cement-based materials and foamed metal and cementitious composites 

were compared. The results showed that the metal foam had a significant effect 

on the failure mode and compressive performance of the specimen. The com-

pressive strength of the foamed metal and cementitious composite specimens 

was slightly lower than that of pure cement-based materials. However, the 

compressive toughness index of the foamed metal and cementitious composite 

specimens was much higher than that of pure cement-based materials. The 

foamed metal and cementitious composites had better integrity and toughness 

after compression compared to pure cement-based materials. 
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1 Introduction 

 

Cement-based materials are widely utilized in building structures for their high 
strength, stiffness, and load-bearing capacity. However, their low toughness often 
results in sudden brittle fracture, reducing seismic and impact resistance and leading to 
cracks [1-2]. To address this, methods such as incorporating polymer fibers, steel 
fibers, or rubber particles have been developed to enhance toughness [3-5]. These 
reinforcements improve crack resistance and energy absorption via crack bridging 
[6-9], though excessive fiber content may reduce workability and complicate pro-
cessing. Foam metal is a lightweight, porous material characterized by numerous pores 
within a metal or metal alloy matrix. It offers benefits such as low bulk density, high 
energy absorption capacity, and superior ductility and machinability, making it suitable 
for structural and functional integration. However, its strength is generally inferior to 
that of conventional dense metal materials [10]. To enhance the characteristics of metal 
foam, researchers are concentrating on metal foam composites, incorporating organic 
compounds such as polymers, rubber, or rosin, significantly improving damping and 
mechanical properties. This study presents a novel metal foam and cement-based 
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composite, showcasing enhanced mechanical performance over traditional ce-
ment-based materials. 

2 Experimental Details 

2.1 Material Properties 

The experiment used PO42.5 (ordinary Portland cement), municipal water, and iron 
foam as raw materials. The iron foam was provided by a local manufacturer, with a 
maximum pore size of 5 mm and a porosity of 90% as shown in Figure. 1(a). 

The quasi-static uniaxial compression test on the iron foam was conducted, resulting 
in the stress-strain curve depicted in Figure. 1(b). Strain was taken as the ratio of the 
vertical displacement of the specimen during compression to the initial height of the 
specimen, and stress was computed as the ratio of the load to the pressurized area of the 
specimen. The quasi-static compression test revealed that the stress-strain response of 
the iron foam had three stages: the initial elastic stage, succeeded by the platform stress 
stage, and ending in the compacting stage. During the elastic phase, the correlation 
between stress and strain is linear, and the curve's slope is steep, indicating a high 
modulus of elasticity for the material. Subsequently, the curve enters a stress plateau 
phase where the stress remains nearly constant despite an increase in strain. During this 
phase, the compressive stress of the iron foam is approximately 0.6 MPa. In the com-
paction phase, the pore wall structure of the metal foam was completely crushed and in 
close contact, resulting in a progressive increase in material density. As the strain 
accumulates, stress increases rapidly, and the curve's slope rises, indicating a substan-
tial improvement in the material's stiffness during compaction. 
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a)                               b) 

Fig. 1. Foam iron -(a) Morphology of foam iron, and (b) Stress-strain curve of uniaxial com-
pression of iron foam.  

2.2 Specimen Design and Loading Scheme 

Specimen design.  
Two specimen sets were created: pure cement slurry cubes and foamed metal and 

cementitious composite cubes, the specimens were all 100 mm in side length. The 12 
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mm thick iron foam plate was initially cut to fit the forming mold (Figure. 2.a), after 
that, Portland cement and ordinary tap water were combined and blended at a wa-
ter-cement ratio of 0.4 to create a cement slurry for subsequent use. A piece of foam 
iron was placed into the mold and the cement slurry was poured to ensure that its 
volume exceeded the volume of the foam metal after filling (Figure. 2.b). After the 
mold was placed on a vibration table and fully vibrated, a second piece of foam iron 
was placed and the above steps were repeated until the design height was reached. 
Finally, the mold was vibrated again until the cement paste was free of air bubbles. 
Each set of specimens consisted of seven pieces of foam iron, which were molded, 
demolded and natural cured.  

         

a)                    

          

                     b) 

Fig. 2. The process of pouring specimens-(a) foamed metal plate cutting, and (b) pouring ce-
ment paste into the mold. 

Uniaxial compression test.  
The WAW-2000B microcomputer-controlled electro-hydraulic servo universal 

testing machine with a range of 2000 kN was used to carry out the uniaxial compres-
sion test, as shown in Figure. 3. The loading method was displacement control with a 
loading rate of 0.2 mm/min. The load was automatically recorded by the testing ma-
chine, and the displacement was measured by the Linear Variable Differential Trans-
formers (LVDTs). 

 
Fig. 3. Compression performance test loading device. 
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3 Results and Discussion 

3.1 Effect of Metal Foam on Compressive Strength 

Table 1 provides the maximum compressive stress for each specimen. Table 1 reveals a 
reduction of 22.7% in the average strengths of the iron foam and cementitious com-
posite specimens when compared to the pure cementitious materials. Iron foam's 
strength was significantly lower than that of cementitious material, resulting in a slight 
reduction in the composite material's compressive strength when combined with it. 

Table 1. Peak compressive stress of each specimen. 

Specimens Peak compressive stress (MPa) 
cp-1 38.745 
cp-2 45.375 
cp-3 40.370 

cp-fm-1 32.265 
cp-fm-2 32.150 
cp-fm-3 31.745 

3.2 The Mode of Failure 

The cementitious specimens and the foam metal-cement paste composite specimens 
exhibited significantly different mechanical behaviors and failure modes during com-
pression. As shown in Figure. 4, pure cement slurry specimens displayed distinct brittle 
properties upon failure. During the initial loading stage, the specimen mainly develops 
elastic deformation, with the cement hydration products providing support and resisting 
the external load. As the stress increases, the internal microcracks gradually expanded, 
and the stress-strain curve is no longer linear. When the ultimate strength is reached, the 
micro-cracks rapidly connect to form macro-cracks, and brittle failure occurs in the 
specimens. the specimen's surface was significantly delaminated, its structural integrity 
was compromised, and it rapidly lost its load-bearing ability.  

In Figure. 5(a), the failure mechanism of the foamed metal and cementitious com-
posites markedly differed from that of the pure cement slurry specimens; the speci-
men's surface exhibited little peeling without significant cracking, and the morphology 
remained intact. The composites showed high toughness and energy absorption ca-
pacity during the compression process. During the initial loading stage, the cement 
matrix provides rigid support while the pore walls of the foam metal have minor 
bending or tension, showing a high initial modulus of elasticity. With the increase of 
compressive stress, the pore wall of the foam metal shows plastic deformation, buck-
ling or fracture, while microcracks inside the cement matrix gradually develop and 
expand, absorbing energy. The foam metal and the cement matrix are interconnected to 
make the energy absorption more uniform. Upon attaining the compressive limit, 
cracks emerged at the intersection of the four surfaces-oriented perpendicular to the 
load application direction and the upper surface, resulting in the entire test block re-
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sembling an inverted cone as shown in Figure. 5(b). Throughout the loading process, 
the four surfaces detached from the entirety, although the core section of the test block 
remained unscathed. During loading, the expansion of the cement matrix exerted a 
tensile effect on the foam metal, while the internal stresses in the foam metal main-
tained the shape of the cement matrix and prevented its early failure. The findings 
indicated that the foam metal enhances the ductility of the cement matrix and postpones 
its failure.  

 

Fig. 4. Typical compression damage patterns of pure cement-based specimens. 

.   

(a)                               (b) 

Fig. 5. Typical compression damage patterns of and foamed metal and cementitious compo-
sites-(a) slightly cracked, and(b) inverted cone. 

3.3 Analysis of Stress-Strain Curves 

Figure. 6 shows that (1) the stress-strain curves of composite specimens exhibit two 
stages with minor fluctuations, indicating multi-crack failure characteristics, and (2) 
the initial crack strength and ultimate load-bearing capacity of composite specimens are 
slightly lower than those of pure cement slurry specimens. However, at peak stress, the 
composite specimens show a slower stress degradation rate, highlighting the role of 
foam metal in sustaining compressive stress and delaying degradation. 

The ultimate strain of all composite specimens (0.067) significantly exceeds that of 
pure cement slurry specimens (0.023), demonstrating superior plastic deformation 
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capacity and peak strain. The iron foam effectively restricts crack propagation, ex-
tending the linear portion of the stress-strain curve and maintaining residual strength at 
high strain levels. Although the compressive strength of the iron foam composite is 
slightly reduced, its ductility and toughness are significantly enhanced compared to 
ordinary cement-based materials. 
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Fig. 6. Comparison of compressive stress-strain curves of pure cement paste and composite 

materials. 

3.4 Evaluation of Compressive Toughness 

The compressive toughness index reflects a material's ability to absorb energy and 
resist damage during compression failure [11-13]. A higher index indicates greater 
energy absorption and deformation capacity, improving durability and safety. Deng et 
al. [14] defined the equivalent compressive toughness index (u) as the ratio of the area 
under the load-deformation curve to the product of the compression area and specimen 
height, where u represents the vertical deformation at a load reduced to u times the 
ultimate load (0.85, 0.50, or 0.20). 

Based on the methodology proposed by Deng et al. [14], the vertical deformation at 
the peak load F0 of the load-deformation curve is denoted as δ0, while the vertical 
deformation corresponding to the load decreasing to 0.85F0 is designated as δ0.85. The 
equivalent compressive toughness index is defined as W ucu Al

Ω= , where Ωu rep-
resents the area beneath the load-deformation curve at vertical deformation δu, serving 
to characterize the compressive toughness of foamed metal and cementitious compo-
sites. 

Table 2 displays the calculated equivalent compressive toughness index of the 
specimen based on the above test results. It demonstrates a significant improvement in 
the compressive toughness index of foamed metal and cementitious composites com-
pared to pure cement slurry materials, indicating that iron foam significantly enhances 
the compressive toughness, deformation ability, and energy dissipation ability of ce-
ment-based materials after peak stress. 
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Table 2. Equivalent compressive toughness index calculation results. 

Specimen  Deformation δ0.85 Ω0.85 Wcu
0.85 

cp-1 2.777 522675 0.523 
cp-2 2.502 551770 0.552 
cp-3 2.914 598249 0.598 

cp-fm-1 9.839 2545901 2.550 
cp-fm-2 11.778 2535437 2.535 
cp-fm-3 12.458 2914548 2.915 

4 Conclusion 

Based on the results from this study, the following conclusions can be drawn: 
During uniaxial compression testing, the specimen exhibited multi-crack failure 

characteristics. The strain at peak stress for the iron-foamed cementitious composite 
was 0.067, significantly exceeding that of 0.023 for the pure cement slurry specimen. 

Iron-foam and cementitious composite materials had better integrity and ductility 
when uniaxially compressed compared to pure cement paste specimens, and 
Iron-foamed and cementitious composites significantly improved strength and elastic 
modulus compared to ordinary metal foam materials. 

Iron-foamed and cementitious composite material increased the compressive 
toughness index by 378% compared to ordinary cement slurry materials. 
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