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Abstract 

Porous concrete is a cementitious material composed of gap graded aggregates, covered 
with a thin layer of cement paste, assembled by the cement paste layers partially being in 
contact. A research project was undertaken aiming to design a special type of concrete that 
fractures into small fragments under impact loading, to be used in safety applications such as 
protective walls for important structures or storages for explosives. The motive behind this 
research was the fact that in case of an explosion or impact, the large concrete debris that are 
formed can be fatal for the exposed environment. Therefore, porous concrete incorporating a 
high amount of air voids, which facilitate the formation of multiple cracking and the 
subsequent energy dissipation and multiple fragmentation under impact loading, was selected 
to be investigated. In the scope of the research, static experiments at different scales were 
performed while different dynamic testing techniques were used to assess the impact 
performance. The experimental results were also supported by numerical analyses to be able 
to better elaborate on the effects of various parameters. Porous concretes that fractured into 
small fragments under impact loading, while having sufficient static strengths were obtained 
and investigated both experimentally and numerically. 
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1. INTRODUCTION 
Explosion is broadly defined as a high amplitude and sudden release of energy [1]. In case 

of an explosion taking place close to or inside a concrete structure, apart from the dangers of 
the explosive itself, the hazard due to the flying debris from the concrete construction is an 
important threat. Structures, that carry higher risks of experiencing such extreme loadings 
during their service lives, such as safety walls outside important buildings or storages for 
explosives, are of particular interest in terms of mitigating the effects of a probable explosion. 
In order to accomplish this goal, a research project was undertaken on designing a 
cementitious material fracturing into small size fragments in an explosion while having 
sufficient static strength to carry the service loads of the structure.  

Responses of cementitious materials to dynamic loading are significantly different from 
those under static loading mainly due to the complexities associated with strain-rate 
sensitivity. Especially in the last decades, extensive research efforts have been focused on 
understanding the behavior of concrete structures under extreme dynamic loadings [2-3]. 
While most studies aim at designing materials that resist impact loading, developing a 
cementitious material that is expected to fracture and disintegrate under impact, but at the 
same time remains intact during its service life was the main concern of this particular project. 
To accomplish that aim, an organized sensitivity study was conducted on various forms of 
cementitious materials. As a result, enhanced strength porous concretes, that facilitate the 
formation of multiple cracks and subsequently fracture into small fragments when exposed to 
impact loading, were attained. Porous concrete is a construction material that has been 
investigated by several researchers and has been used in various applications that require 
permeability, noise absorption or heat insulation [4,5]. However, its dynamic performance 
was not very much of interest due to its weak mechanical properties as a consequence of its 
intentionally increased meso-scale porosity. Due to the high percentage of its meso-size air 
pores, porous concrete normally has a moderate static strength compared to plain concrete 
while owing to its porous structure and aggregate distribution, it has a favorable characteristic 
of forming multiple cracks which was the key property that lead to selecting porous concrete 
in the scope of this research project. The formation of multiple cracking also facilitates more 
energy dissipation throughout the material. Therefore, in the process of modifying the 
material, the main focus was to enhance the static strength properties while maintaining the 
high porosity. 

2. STATIC AND DYNAMIC PROPERTIES OF POROUS CONCRETES  

2.1 Materials 
In the process of modifying the mixture properties, a very large number of different porous 

concrete mixtures were produced and tested in the scope of the project. The compositions of 
some selected representative mixtures are given in Table 1. Aiming to enhance the 
mechanical properties, an organized sensitivity study was conducted where the numerous 
factors that affect the properties of porous concrete were considered along with their 
interactions. Experiments at different scales were performed to determine the effectiveness of 
the various factors while the outcome of the tests guided the modification process of the 
material. In the scope of the research, the compressive and tensile tests were performed at 
macro-scale (testing of the porous concrete structure) while the tensile tests were also 
conducted at meso-scale (testing of ITZ and cement paste phases). The samples that have 
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gone through mechanical testing were also analyzed through computed tomography (CT) to 
visualize the crack patterns and better understand the fracturing behaviour. Meso-scale 
porosity was also measured through CT scanning coupled with image processing. The fracture 
surfaces of the samples that have been tested at meso-scale ITZ testing were observed under 
environmental scanning electron microscope (ESEM) to be able to see a relation between the 
ITZ strength and the fracture surfaces formed. The macro scale samples were also observed 
using ESEM to be able to characterize the materials more thoroughly and support the 
mechanical test results.  

Table 1: Compositional properties of selected representative porous concrete mixtures 

Mixture code PRC1 PRC2 PRC3 PRC4 PRC5 PRC6 PRC7 
Crushed basalt (2-4 mm) 

(gr) - 2000 1000 - - 2000 1000 

Crushed basalt (4-8 mm) 
(gr) 2000 - 1000 - 2000 - 1000 

River gravel (4-8 mm) (gr) - - - 2000 - - - 
Cement (gr) 351 351 351 351 298 298 298 

Microsilica (gr) -  - - - 53 53 53 
Water (gr) 105 105 105 105 105 105 105 

Superplasticizer(gr) 0.97 0.97 0.97 0.97 1.30 1.30 1.30 
Set retarder (gr) 1.20 1.20 1.20 1.20 1.20 1.20 1.20 

2.2 Macro-scale uniaxial tension and compression testing 
Macro-scale, deformation controlled uniaxial compression and tension tests were 

performed at the loading rates of 1 µm/sec and 0.1 µm/sec, respectively. The deformation 
measurements were made over the whole height of the samples at both tensile and 
compressive tests and the average of four LVDTs were used as the feed-back signal. In the 
tests, 83 mm diameter x 160 mm height and 83 mm diameter x 80 mm height cylindrical 
specimens were used for compression and tension, respectively. Because porous concrete 
readily incorporates numerous notches due to its porous nature, no notches were made on the 
tensile test samples. To be able to prevent the snap-back behavior, the tensile sample height 
was kept at 80 mm. During the tensile tests, the specimens failed at one visible major crack. 
The macro-scale compression and tension test results of the selected porous concrete mixtures 
are presented in Table 2.  

2.3 Meso-scale uniaxial tension and compression testing coupled with complementary 
microscopic observations 

Proper material design considerations require specific knowledge on every phase present in 
concrete i.e. aggregates, bulk cement paste and interfacial transition zones (ITZ). Among the 
three phases, ITZ is the one that has the least known mechanical properties. While the meso-
scale testing of cement paste was more straightforward, meso-scale composite ITZ samples 
were produced using aggregates with an 8 mm x 8 mm square cross-section, taking the 4-8 
mm aggregate size range of the porous concretes as reference to be able to have shrinkage 
conditions as similar as possible to the macro size porous concrete samples. Keeping the 
natural surface of the crushed aggregates was an important feature of the samples produced, in 
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order to have a more realistic ITZ structure. Displacement controlled meso-scale tests were 
conducted on composite samples, shown in Figure 1 consisting of aggregate, cement paste 
and the ITZ phase that is generated in between, and on meso-size cement paste samples. In all 
of the composite samples tested, the failure occurred in the immediate vicinity of the 
aggregate which showed that the failure happened at the ITZ. Therefore, the peak load that is 
measured can be used to determine the tensile strength of the ITZ phase. In the tests of plain 
cement paste-basalt aggregate composite samples, a mean ITZ tensile or bonding strength of 
0.95 MPa was found. The basalt samples containing 15 percent silica fume provided a mean 
bonding strength value of 1.3 MPa. A clear increase in bonding strength was seen in the 
results with the presence of silica fume. River gravel on the other hand consists of various 
types of aggregates with different mineralogical properties. The presence of the aggregates 
that form very weak bonds (for example about 0.5 MPa measured in this project for feldspar 
and chert) with cement paste can be said to be the reason for the samples with gravel having 
lower strengths in the tests. However it should also be noted that among the gravel aggregates 
that were tested at meso-scale, there was a specific type of gravel that gave especially very 
high bonding strength values (an average of 1.7 MPa) in the tests which was identified using 
XRD and microscopical analyses to be a type of quartzite with the inclusions of calcite. 

 

Figure 1: Meso-scale composite ITZ sample, meso-scale testing set-up and ESEM images of 
the aggregate surfaces of ITZ samples after testing 

After the meso-scale testing, both the cement paste surface and the aggregate surface of the 
interface were characterized using ESEM, as seen in Figure 1, to be able to find a relation 
between the ITZ strength and the images of the fractured composite samples. Even though 
making quantitative comparison was not possible, it can qualitatively be said that for 
composite samples where there is only cement present as binder in the cement paste, as in the 
top figure, the aggregate surface contains a small amount of cement paste after the fracture. 
Whereas in samples where the cement paste includes silica fume, on the aggregate side of the 
broken surface there are large pieces of cement paste present, as in the middle image.  The 
bottom image is taken from the aggregate side of a composite sample containing feldspar 
aggregate and plain cement paste which gave very low bonding strength values in the tests. It 
can be observed in that image that there is nearly no remains of cement paste present on the 
aggregate surface.  It can generally be said for the images taken from samples that have gone 
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through ITZ testing that as the bonding strength increases there is more cement paste left on 
the aggregate surface. 

Displacement controlled meso-scale uniaxial tensile tests were also conducted on cement 
paste samples having the same properties as the cement pastes used in the macro-size 
samples. Mean tensile strengths of 3.12 MPa and 2.59 MPa were found for plain cement paste 
and cement paste with 15 percent silica fume samples, respectively, which are lower than 
expected. This can be caused by the shrinkage cracks that are especially effective because the 
samples were very small, but it should also be noted that this is a situation that is also valid 
for the cement paste bridges present in porous concrete. 

2.4 Instrumented drop weight impact testing 
The impact tests were carried out using an instrumented drop-weight impact test set-up.  In 

the experiments, the specimen was placed vertically on a steel base structure, which also 
serves as a steel buffer plate that functions as a wave sink at the impact experiments. The 
impactor was dropped from approximately 1.2 m to provide striking velocities ranging 
between 4.0 - 4.7 m/sec.  

 
Figure 2: A representative particle velocity time history graph for the interface between the 

sample and the impactor used in impact stress calculations 

For the tests, two measurement techniques were developed, using laser Doppler 
Velocimetry (LDV) and high speed photography as the monitoring tools, while stress gauge 
measurements were also taken. As stress gauge measurements directly provide the stress 
value, in the LDV and high speed photography methods, the particle velocity histories of the 
interface (between the impactor and the concrete target) were first captured. The particle 
velocity data (an example of which is seen in Figure 2) were subsequently analyzed using a 
special reverberation application of the impedance mismatch method [6]. As a result of the 
analyses, the impact strengths of the target concrete samples were obtained. Since the 
concretes that were tested in the experiments have failed and reached their dynamic strength 
values, the stress that is calculated is also the dynamic strength of the specimen tested. The 
key feature of this technique is that the impact stress is calculated using the dynamic 
impedance properties of only the impactor and that the properties of the target are not 

5



involved in the calculations. Therefore, while all the information is obtained from the well-
defined metal drop weight, the target can be an unknown material. The impact strengths of the 
selected porous concrete mixtures are also presented in Table 2. 

2.5 Experimental Results 

Table 2: Static and dynamic test results of the selected representative porous concrete 
mixtures 

Mixture 
code 

Compressive 
strength 
(MPa) 

Meso-scale 
Porosity 

(%) 

Tensile 
strength 
(MPa) 

Young’s 
Modulus 
(MPa) 

Fracture 
energy 
(N/m) 

Impact  
Strength 
(MPa) 

PRC1 34.8 21.8 1.91 23413 105.1 66.5 
PRC2 41.9 20.3 2.73 26644 110.0 76.8 
PRC3 50.5 18.8 2.95 32177 110.3 86.0 
PRC4 29.6 17.9 1.98 24841 101.2 56.2 
PRC5 31.6 22.0 1.85 23361 120.3 53.1 
PRC6 44.8 20.1 2.80 26487 107.0 79.7 
PRC7 48.8 18.6 2.67 29605 96.7 84.4 

According to the test results, it was generally seen that as two sizes of aggregates (50% 2-4 
– 50% 4-8 mm) were used instead of using single sized aggregates (2-4 or 4-8 mm), the 
dynamic strengths of porous concretes as well as their static strengths increased. Among all 
the mixtures tested, PRC3 and PRC7, which included aggregates of two sizes, offered the 
highest static and dynamic strengths. As their porosity values (18.8% and 18.6%, 
respectively), which were obtained using CT scanning and image analysis, are also compared 
with the porosities of the other mixtures, it is seen that strength increase is mainly caused by 
the fact that aggregate grading is coupled with the total porosity which is the primary factor 
that affects the strength.  

Meso-scale ITZ testing provided important information on the effects of cement paste 
composition and aggregate type on the mechanical properties of the ITZ. According to the 
meso-scale testing results, it was clearly seen that silica fume had an enhancing effect on ITZ 
properties. This effect is less pronounced in porous concretes where the total amount of ITZ 
phase present in the material is highly reduced compared to normal concrete due to the lack of 
fine aggregates. Along with the reason that the total amount of ITZ phase is drastically less, 
the CT scans of fractured samples revealed that in porous concretes crack patterns are very 
much influenced by the distinct porous structure where the cracks are forced to propagate into 
locations guided by the geometry of the skeleton structure determined by the aggregate 
grading. When the aggregates are finer, cracks tend to go more through the ITZ while they go 
more frequently through the aggregates as the aggregates are very coarse. This also supports 
the explanation that silica fume, which enhances the ITZ properties, has a slight enhancing 
effect on the porous concrete with finer aggregates while it does not have such an effect on 
the mixtures with coarser aggregates. 
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3. NUMERICAL ANALYSES ON DYNAMIC PROPERTIES AND 
FRAGMENTATION BEHAVIOUR OF POROUS CONCRETES  

The objective of the numerical work was simulating the behavior of different porous 
concretes under impact loading in order to understand the effect of various control parameters 
on their impact behavior. In the numerical analyses, the distinctive properties of the material 
compared to normal concrete were the presence of the arbitrary shaped meso-scale air pores 
and the contacts forming between the free surfaces of those pores as the loading proceeds. For 
the numerical analyses, the finite element analysis software ABAQUS/Explicit was used 
where explicit time integration was adopted. Concrete Damaged Plasticity Model was used to 
define the material properties of the cementitious phases that are present in the material [7,8]. 
In order to realistically represent a porous concrete as a four-phase material (incorporating 
aggregates, interfacial transition zones (ITZ), bulk cement paste and air), the numerical study 
first started by acquiring the shapes and distribution of the aggregates in the samples through 
3D computed tomography. A mesh generation program was developed to use this data in 
generating a finite element mesh. The numerical simulations were conducted using an 
axisymmetric geometry. Because contact properties are very important in the behavior of 
porous concrete, self-contact was defined between the concrete surfaces coming into contact 
while surface-to-surface contact was defined between steel and concrete.  In the analyses, the 
crack patterns formed under the impact loading are visualized using the compressive and 
tensile damage variables (DamageC and DamageT).  

The graph on the left of Figure 3 shows the numerical impact stress time history result of a 
porous concrete mixture with 4-8 mm basalt aggregates (PRC1 in Table 1) under drop weight 
impact loading. The numerical results obtained for the impact strengths of the samples were in 
a good agreement with the experimental results, an example of which was given for PRC1 
(66.5 MPa experimental impact strength as seen in Table 2). As the damage variable contours 
of all the mixtures are observed, it can be said that multiple crack patterns have developed and 
that the porous concretes that have been numerically analyzed have fractured into many small 
size fragments. The slight differences in the fragmentation behaviors of different mixtures 
could also be observed in the numerical results. 
The crack patterns predicted by the damage evolution contours, where highly damaged 
(damage variable≥ 0.9) elements were removed, were generally observed to be good 
estimations of the real crack patterns according to the high speed photography videos and the 
fragments collected during impact testing. However quantifying them numerically was also 
important because fragment size distribution was a very important parameter in this research 
project. 

In the fragment size analyses, the 2D fragment sizes, that have been separately determined 
for every piece of fragment by using the image processing tools and a short code written in 
MATLAB, were grouped into size intervals as seen in the graph in Figure 4.  Since during the 
experiments the fragments were collected and afterwards sieved to determine the fragment 
sizes, the numerical results could also be compared with the sieve analysis results by 
converting the 2D sizes (areas of the fragments) from the numerical analysis to standard sieve 
sizes by calculating the diameter of circles having the same areas and again grouping them in 
terms of the sizes of the standard sieves. Fragment sizes estimated by the numerical analyses 
were seen to be in agreement with the real fragment size distributions extracted from 
experiments  
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Figure 3: Impact stress time history of PRC1 obtained numerically, the PRC1 finite element 

mesh and the progress of fragmentation during the analysis (two selected time steps) 

 
Figure 4: Demonstration of a fragment size analysis conducted on PRC1, 2D fragment size 

output 

4. CONCLUSIONS 
The main conclusions that can be drawn from this work can be summarized as follows: 
- By modifying the compositional properties as well as the method of compaction, porous 

concretes with improved static and impact strengths (at the range of 30–50 MPa static 
and 55-85 MPa dynamic strengths) were obtained which can potentially be used in the 
specified safety applications. 

- Among the parameters that have been investigated, aggregate properties have the most 
dominant effect on the strength properties of porous concretes due to the coarse 
aggregates being very effective in the formation of the skeleton structure of the material.  

- Experiments at different scales (macro and meso-scale testing supported by 
microscopical observations) were performed to determine the effect of the various 
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factors on the performance of porous concretes while the outcome of the tests also 
guided the modification process of the material. 

- In order to quantify the impact stresses in drop weight impact experiments conducted on 
porous concretes, two experimental measurement techniques, using LDV and high 
speed photography as the monitoring tools, were developed and sufficiently applied on 
porous concretes having different dynamic strengths. 

- In the numerical part of the study, explicit time integration calculations were used in 
analyzing the impact properties of the porous concretes investigated.The simulation 
results were in good agreement with the experimental results both in terms of 
quantifying the impact strength as well as demonstrating a realistic crack pattern 
formation for the types of porous concretes that have been analyzed. 
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