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Abstract

In this work, findings of a numerical study performed to investigate the impact behavior of
porous concrete, modeled as a four phase cementitious composite consisting of aggregates,
cement paste, interfacial transition zones (ITZ) and air, are presented. The numerical analyses
contributed to the process of designing a special type of concrete for safety purposes i.e. as a
protective building material to be used in safety walls outside important buildings or munition
magazines for storing explosives. In case of an explosion, large concrete fragments that are
formed, cause a very important threat. Therefore, in the scope of a research project, designing a
special type of concrete having sufficient strength, but fracturing into small fragments under
impact loading was aimed. In the numerical analyses, model porous concretes, in which the
amounts and properties of pores and aggregates could be varied individually, were used to see
the sole effect of each parameter. According to the results, it was found that at constant total
porosity, the impact strength increased with decreasing pore size while multiple fragmentation
was observed. On the other hand, the impact strengths of porous concretes with different size
aggregates (with constant total aggregate content and porosity) were approximately the same
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when no interfacial transition zone (ITZ) was defined. However, when ITZ was present, the
impact strength was found to decrease as the aggregates were finer. This trend was also valid for
the respective full concretes. Representative experimental results of porous concretes were also

presented in order to support the numerical results.

1. Introduction

Modeling tools provide important insight into how a material behaves, complementary to
experimental approaches. Various modeling and simulation techniques are being used by
researchers in order to better understand the factors that control the properties of cementitious
materials [1, 2]. As a part of a research project on designing porous concretes that fracture into
small size fragments under impact loading, to be used in safety structures such as protective
walls outside important buildings and storages for explosives, the dynamic behavior of porous
concrete was numerically analyzed [3, 4]. In an explosion, in addition to the explosive itself,
large concrete fragments fractured from a concrete structure cause a very important threat.
Therefore, in the scope of a research project, designing a cementitious building material
fracturing into small fragments under impact loading, while having sufficient strength, was
aimed. Porous concrete is a construction material, that is used efficiently in various applications,
owing to its favorable properties as a pavement, drainage and water purification material.
Therefore, it is being investigated thoroughly by researches in terms of its content, production
method and pore structure [5-8]. Its dynamic properties on the other hand have not been
investigated widely due to its weakened mechanical properties as a consequence of its
intentionally increased meso-scale porosity. In the research project, the impact properties of
porous concrete have been investigated with an intent to reduce the fragment sizes while also
enhancing the impact strength. Therefore, the parameters that affect the impact strength and
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fragmentation behavior of porous concrete were analyzed. In the design process, numerical
findings, in terms of the effects of different material phases on the impact behavior of porous
concrete, determined the research direction.

Several researchers have investigated the stress concentrations around a hole in brittle porous
solids and have been able to quantify the high stress concentrations at the vicinity of the pores
both analytically and numerically [9-13]. Stress concentrations and their locations are very
important because these amplified stresses are usually the causes of cracks emanating from those
locations. Additionally, because in real materials, pores are usually not bounded by smooth
surfaces, the stress concentrations are expected to be even much higher [10]. In a related study
focusing on the behavior of materials containing pores, a series of uniaxial compression tests on
samples containing a single hole with different diameters and sample widths were conducted. In
the study, it was found that high tensile stresses were formed at the poles and that the magnitude
of the stresses around the hole was greatly influenced by the location and the diameter of the
hole and the sample width [11]. In a numerical study, the influence of hole diameter on the crack
growth behavior was examined and it was found that the crack initiation and growth in the
specimen with the smallest hole is much more difficult at the early stage of loading. For the
specimens containing larger holes the cracks initiate earlier and have a higher growth rate at the
beginning [14]. In another study, it was seen that the distance between the hole and the specimen
boundary was also very effective on the stress state formed [15]. In the pioneering work of
Ashby and Sammis, the influence of the state of confinement on the failure mechanisms of
porous materials was investigated. It was stated that in brittle porous solids, unconfined samples
tend to fail by vertical slabbing, where microcracks propagate and percolate to form failure

planes parallel to the loading direction [16]. In another study, where again the fracture of porous



materials was investigated, a fracture criterion involving both toughness and strength was
proposed. In the study, the controversy between the crack blunting due to the presence of pores,
resulting in an apparent toughness enhancement and the weakening effect caused by the
increasing volume fraction of pores was emphasized [17].

In porous concrete, pores that are intentionally incorporated in the material drastically affect the
mechanical behavior as expected. The pore structure of porous concrete on the other hand is
controlled by several different parameters e.g. aggregate grading, amount of cement paste,
compaction etc. Because in a real material the effects of various parameters are coupled,
extracting the sole effect of a single parameter cannot sometimes be possible in case of analyzing
real porous concretes. Therefore, virtual or model concretes were analyzed in this work, where
the size, amount and distribution of the pores as well as the aggregate sizes could individually be
varied. In the analyses that also included aggregates, the effect of the interfacial transition zones

(ITZ) between the cement paste and aggregate phases was also investigated.

In the scope of the research project, design and production of various porous concretes having
static strengths at the range of 30-50 MPa and drop weight impact strengths about 65-85 MPa
were accomplished by adjusting the mixture design and applying enhanced compaction [4]. In
order to see the effects of aggregate grading, porosity and pore size distribution on the results, in
the mixtures presented in this current work, the aggregates were selected to be either in one (2-4
mm or 4-8 mm) or two (2-4 mm and 4-8 mm, each 50 percent by mass) standard size ranges i.e.
three different aggregate gradings. The rest of the composition was mostly kept constant. The
details of the compositional properties of the selected representative porous concrete mixtures as
well as the experimental results presented in order to support the numerical results are provided

in Online Resource 1. On the other hand, the high speed photography and computed tomography



images of the porous concretes under dynamic and static loading provided important information
on the fracturing behavior of porous concretes, which were also included in Online Resource 1.
According to the experimental results, it was found that decreasing the aggregate size or using
two sizes of aggregates instead of single size had an increasing effect on the impact strengths.
While the aggregate grading and pore size distribution are coupled parameters, decreasing the
total porosity or the pore size (at constant total porosity) also increased the impact strength of
porous concretes. Aggregate and pore sizes and their distributions had a major influence on the
fragmentation performances of porous concretes as well. The details of the experimental
findings, which support the numerical analyses, are explained in more detail in Online Resource

1.

2. Finite Element Analyses of the Dynamic Behavior of Porous Concrete

In this work, finite element analyses were conducted to investigate the dynamic responses of
different types of model porous concretes at a drop weight impact test [3,4]. Drop weight impact
test was selected because drop weight tests were actually conducted in the scope of the
experimental part of the related research project. They were fast and direct tests to investigate the
impact properties of the porous concretes designed. In the analyses, finite element analysis
software ABAQUS/Explicit (explicit dynamic analysis module) was used. In choosing an
approach to a nonlinear dynamic problem, the length of time of the response, the sources of
nonlinearity as well as the size of the problem are usually considered. In this study, the explicit
time integration analysis was chosen over the implicit analysis especially due to the short
duration of impact, the large deformations and the nonlinear material response. The explicit
integration method also carries the advantage of efficiently solving highly discontinuous events
and is therefore, often selected because of its efficiency in solving complicated contact problems
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[18]. In the explicit finite element analysis, because the explicit scheme is incremental, but not
iterative, the results are not automatically checked for accuracy. The time step to be used is
therefore very critical in terms of the stability of the solution. Thus, in most cases, accuracy is
not of concern, because the stability condition already imposes a very small time increment such
that the solution changes only slightly in a time increment. While the analysis may take a very
large number of increments, each increment is relatively inexpensive, resulting in an economical
solution [19-21]. In the explicit analyses conducted on porous concretes in this research, the time
steps were typically at the scale of 10'4-107!° sec.

Initially, to be able to more clearly see the effect of a pore on the behavior of the material,
dynamic analyses were conducted on plain concrete (modeled as a one phase material with
average concrete properties) containing a single hole. Subsequently, porous concretes containing
regularly distributed multiple holes and randomly distributed multiple holes were analyzed. To
investigate the effect of aggregates, model porous and normal concretes with circular aggregates
having different diameters, with and without ITZ phases were also analyzed. The main features
of the analyses conducted on model concretes are given in Tables 1 and 2 in the respective
sections.

In the analyses, the aggregate phase was identified as linear elastic. The Concrete Damaged
Plasticity (CDP) model, which is a plasticity-based damage model, was used to define the
different cementitious phases analyzed, i.e. plain concrete, interfacial transition zone (ITZ) and
bulk cement paste. The CDP model is based on isotropic damaged elasticity in combination with
isotropic tensile and compressive plasticity to define the inelastic behavior of concrete [21-25]. It
includes two main mechanisms which are the tensile cracking and the compressive crushing of

the concrete material, i.e. different degradations of the elastic stiffness in tension and



compression are considered. Rate sensitivity is also present in the model which enables dynamic
analysis. The model is well established and documented in literature [21, 26-29].

Change in volume due to plasticity is defined by a plastic potential function, G in the model [21,
22]. The evolution of the inelastic displacements in the fracture process zone is defined through
the flow rule. Similar to other plasticity models, there are three criteria associated with the
model. A yield surface at which plastic deformation begins, a hardening rule and a flow rule,
which defines the plastic stress-strain relation. The plasticity yield surface implemented in
ABAQUS is devised by Lubliner, et al (1989) and modified by Lee and Fenves (1998) [22, 23].
The yield criterion is calibrated with uniaxial tension and compression. A non-associated flow
rule is assumed in the CDP model, where the yield function and the plastic potential do not
coincide. This is important for realistic modeling of the volumetric expansion under compression
for frictional materials such as concrete [30]. The flow potential adopted in the model is the
Drucker—Prager hyperbolic function based on the dilation angle, the uniaxial tensile stress at
failure and eccentricity. The plastic dilation angle is directly related to the slope of plastic
volumetric strain [31]. In addition, the volume of voids increases dramatically causing a rapid
dilation of the volume of the whole concrete.

When the material flows inelastically, the in elastic part of the deformation is defined by the flow
rule [21]:

ol _ 66(_5)
0o

where G is the flow potential, A is the nonnegative plastic multiplier. The plastic-damage model

assumes nonassociated potential flow.
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where v is the dilation angle measured in the p-q plane at high confining pressure; oy is the
uniaxial tensile stress at failure and € is a parameter based on eccentricity, that defines the rate at
which the function approaches the asymptote. The flow potential approaches a straight line as the
eccentricity tends to zero. The function asymptotically approaches the linear Drucker-Prager
flow potential at high confining pressure stress [21].

In the model, experimental stress-stain data of the cementitious phases, i.e. the ITZ and cement
paste, can be used as input. However, when used directly as input to define the properties of the
cementitious phases, raw experimental stress-stain data causes error in the program because
small fluctuations in the experimental graphs can sometimes give negative plastic strain values
during computation. Therefore, all the user-provided experimental stress versus inelastic strain
curves are smoothened and checked according to the format accepted by the program, by also
taking the widely accepted works of Jankowiak and Lodygowski and Lubliner et al. as reference
[21, 22, 26].

An axisymmetric geometry was defined in the analyses. The dimensions of the mesh
representing the concrete sample was 30 mm in width, 75 mm in height (corresponding to 60
mm diameter and 75 mm height sample when rotated axisymmetrically). The mesh of the steel
impactor had 55 mm width and 220 mm height (corresponding to the 110 mm diameter and 220
mm height impactor when rotated). The drop weight impact test setup, which was defined in the
simulations, consisted of a stationary steel base structure at the bottom, the concrete sample and
the steel impactor. A typical finite element mesh for a porous concrete impact computation is
shown in Fig. 1. Steel material was defined as linear elastic with elastic constants of: E=200 GPa
and v=0.3. The elements used in the analyses were 0.2 mm x 0.2 mm reduced integration,

axisymmetric elements (CAX4R in ABAQUS).



A fixed boundary was defined at the bottom surface of the steel base structure. The displacement
in x-direction and the rotation were constrained for the impactor. The steel-concrete contacts
formed between the steel base structure and the bottom surface of the concrete sample and
between the steel impactor and the top surface of the sample were defined as surface-to-surface
contacts with a friction coefficient of 0.3 in tangential direction. The concrete-concrete contacts
formed between the pore and fracture surfaces of the porous concrete sample were defined as
“self-contact” with a friction coefficient of 0.5 [32-34]. Self-contact is used when the outer
surfaces of a deformable layer come into contact. The axial impact loading applied to the
concrete sample was defined as an initial velocity (4.5 m/sec) that has been assigned to the
impactor, which was approximately the velocity that was measured using laser Doppler
velocimetry during the experiments [4]. The parameters that were focused on in the analyses
were mainly the impact strengths and crack patterns estimated by the damage contours. These
parameters enabled the evaluation of different porous concrete options in terms of strength and
fragmentation behavior.

3. Numerical Analysis Results

3.1. Model Porous concrete with a Single Pore

In order to more clearly see the stress and damage distributions around a hole, numerical
analyses were initially conducted on a 60 mm diameter-75 mm height concrete cylinder, that
contains a single pore, under impact loading. The pore diameter was 16.27 mm. In this analysis,
the matrix material was taken as a single phase material (similar to the solid phase of porous
concrete, which does not contain any fine aggregates, but only coarse aggregates) where concrete
properties were defined using the CDP model. In the model, the following parameters were

defined: E=35 GPa, v=0.19. The modulus of elasticity of porous concrete is high due to the high



percentage of aggregates in the material and the low ITZ content due to the lack of fine
aggregates. The rest of the parameters needed for the model, that cannot commonly be measured
in experiments (such as dilation angle and viscosity parameter), were taken from the widely
referenced work of Jankoviak and Lodygowski [26]. The same input data for plain concrete was
also used for representing the material properties of the plain concrete material in the model
porous concretes containing (regularly and randomly distributed) circular pores in sections 2.2

and 2.3.

S, Max. In-Plane Principal (Abs)
(Avg: 75%)

+1.247e+00

-3.540e+00

-8.327e+00

-1.311e+01
Steel -1.790e+01
H -2.269%e+01
impactor I 3 738e 101
- 3.226e+01
-3.705e+01
-4,184e+01
-4.663e+01
-5.141e+01
-5.620e+01
steel base
structure

Fig. 1 Stress concentrations around a hole in a concrete cylinder (under impact)

In Fig 1, the stress distributions around a single hole in the cylindrical plain concrete specimen
are shown. To check the stress concentrations altogether, the absolute maximum principle stress
was selected to see the largest value of the minimum and maximum principals regardless of their
signs. In the figure, high tensile stresses at the poles and compressive stresses at the two sides of
the pore can clearly be observed. Very similar contours were also observed for the damage

distribution analyses.
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3.2. Model Porous Concretes with Regularly Distributed Circular Pores

Model porous concretes having circular pores of different radii, pore size distributions and total
porosities were analyzed to see the effect of those parameters individually. The main features of
the analyses conducted are given in Table 1. In the analyses, concretes with four different
numbers of pores (8, 23, 77 and 281) were investigated. Concrete Damaged Plasticity (CDP)
model was again used to define the concrete phase. The input data used for the solid phase of

model porous concretes were the same as in the single pore analyses.

In the first set of analyses, samples with regularly distributed circular pores were investigated.
Initially, the effect of pore size was analyzed while the total porosities were kept constant. A
representative set of meshes (total porosity 0.1005) is presented in Fig.2. The impact responses
of model porous concretes with pores of different sizes, but constant total porosities of 0.1005,
0.1786 and 0.2791 were compared. According to the analysis results, it could be concluded that
the impact strength increased as the pore size decreased while the total porosity was kept
constant. This trend was found to be valid for all the total porosities analyzed, i.e. 0.1005, 0.1786

and 0.2791.

Table 1. Analyses conducted on model porous concretes with circular pores

MODEL POROUS CONCRETES
WITH CIRCULAR PORES
(Each analysis repeated also for the no end friction option)
Material Phases: Plain Concrete + Air

Pore Pore
Analysis Label N. of P P it
natysis Labe ot Fores Radius (mm) orostty Distribution
REGPORESNOI1 g 3.0 0.1005 Regular
REGPORESNO2 4.0 0.1786 Regular
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REGPORESNO3 5.0 0.2791 Regular
REGPORE23NOI1 1.7693 0.1005 Regular
REGPORE23NO2 23 2.3591 0.1786 Regular
REGPORE23NO3 2.9488 0.2791 Regular
REGPORE77NO1 0.9670 0.1005 Regular
REGPORE77NO2 77 1.2893 0.1786 Regular
REGPORE77NO3 1.6116 0.2791 Regular

REGPORE281INO1 0.5062 0.1005 Regular
REGPORE281NO2 281 0.6749 0.1786 Regular
REGPORE281NO3 0.8436 0.2791 Regular
RANDPORESNOI1 Random1
RANDPORESNO2 Random2
RANDPORESNO3 8 30 01005 Random3
RANDPORESNO4 Random4
RANDPORE23NO1 Random1
RANDPORE23NO2 Random2
RANDPORE23NO3 23 1.7693 01005 Random3
RANDPORE23NO4 Random4
RANDPORE77NO1 Random1
RANDPORE77NO2 Random2
RANDPORE77NO3 77 0.9670 01005 Random3
RANDPORE77NO4 Random4
RANDPORE281NO1 Random1
RANDPORE281NO2 Random2
RANDPORE281NO3 281 0.5062 01005 Random3
RANDPORE281NO4 Random4
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Fig. 2 Impact stress time histories of model porous concretes with different pore sizes (total
porosity 0.1005)

This outcome provided an important research direction to be followed in the design process of
enhanced strength, multiple fragmenting porous concretes. Additional data on how this outcome
was valid also for other total porosities, which were again kept constant while the pore size was
varied, are presented in Online Resource 2.

Along with the dynamic strengths, the fragmentation behaviors of the different mixtures were
also important for this research. In the analyses, the crack growth under impact loading is
visualized using the compressive and tensile damage variable contours (DamageC and
DamageT) represented by a scalar value with a range of 0-1. The cracks generated in the
specimen are presented for selected time steps showing the compressive and tensile damage

separately. The occurrence of damage due to compression is usually observed later in time
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compared to damage due to tension as expected. As it will also be observed in the damage
contours of the following model concretes, the cracks originating from the pores due to tension
or compression are then guided by not only material based, but also structural effects such as
restrained lateral deformations due to boundary conditions. Due to the friction between the steel
base structure at the bottom and the bottom surface of the concrete specimen as well as the
friction between the top surface of the specimen and the bottom surface of the impactor, the
initial cracks become inclined and curved wing cracks develop from the crack-tips. This
mechanism is also observed in numerous studies performed on homogeneous brittle materials
such as PMMA [35]. While all model concretes were examined in terms of damage, the damage
results of 281 pore concrete were demonstrated in Fig. 3 to represent the damage behaviors of
porous concretes. The elements with a damage value of 0.9 or higher were removed from the
contour for the estimation of the crack patterns. The element removal applied is in the display to
better visualize the cracking behavior, where the elements were actually not removed from the
analysis. The images showing the results at a selected instance: 5.0¥107 sec, which is close to
the end of the descending branch (see Fig.2), were presented. Because the finite element mesh is
very fine, the colored contours are not visible in the images that show the whole mesh.
Therefore, a piece of zoomed image showing a close up view was also added to the figure. At the
zoomed image, elements with damage values of 0.9 or higher were not removed. The last
contour plot in each figure gives the combination of tensile and compressive damage contours
(for 5.0%107 sec), which reflects a more realistic crack pattern.

The dynamic fracturing behaviors observed in these analyses involve both material and structural
aspects. The cracks that originate from the top and bottom poles of the pores in the tensile

damage graphs are clearly seen in Fig. 3. They are the typical tensile damage locations that can
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be expected at the vicinity of pores. Additional tensile splitting cracks emanating from those
locations are also visible. In the compressive damage contours, the cracks, that originate from the
sides, propagate further by making inclinations. State of triaxial compression exists due to
boundary effects in impact testing. Friction between the concrete sample and the steel impactor
or the steel base structure of the setup causes lateral compression additional to the uniaxial
compression component. Therefore, limited and sometimes no damage can be seen in the

triaxially loaded zones at the border of the samples.

DamageC ‘DamageT DamageC + DamageT
DAMAGEC DAMAGET
(Avg: 75%) (Avg: 75%)
+8.888e-01 +8.999¢-01
+8.148e-01 +8.24%e-01
+7.407e-01 +7.499%e-01
+6.6666-01 | +6.749e-01
+5.926e-01 - +6.000e-01
+5.185e-01 +5.250e-01
+4.444e-01 +4.500e-01
+3.703e-01 +3.750e-01
+2.963e-01 +3.000e-01
+2.222e-01 +2.250e-01
+1.481e-01 +1.500e-01
+7.4076-02 +7.499¢-02
+0.000e+00 +0.000e+00
Step: Step-1 Step: Step-1 b Step: Step-1
Increment 2088: Step Time=5.0008E-05 Increment 2088: Step Time=5.0008E-05 Increment 2088: Step Time=5.0008E-05
Primary Var: DAMAGEC Primary Var: DAMAGET

Fig. 3 Compressive (upper images) and tensile (bottom images) damage contours and their
combination for estimating the crack distribution under impact loading (281 pores, r=0.5062
mm, porosity=0.1005) (elements with DamageC or DamageT > 0.9 removed)

When the fragmentation behaviors of the two model porous concretes with 8 and 281 pores were
compared, an important difference could be observed. A multiple crack pattern has developed in
the model concrete with 281 pores (see Fig. 3). This facilitated the formation of smaller-sized
fragments, except in the triaxially confined zones. On the contrary, in the concrete with 8 pores,
(provided in Online Resource 3) due to the presence of cracks at a very limited number of
specific locations, comparatively large fragments could be estimated from the damage results. It
should additionally be noted that even though the total porosity in both analyses was constant

(0.1005), the impact strength of 281 pore concrete was 50.03 MPa, while that of the 8 pore
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concrete was 31.95 MPa. Therefore, as an important trend that was used for designing an
enhanced strength porous concrete fracturing into small fragments, it was found that as the pore
size decreases, the sizes of the fragments drastically decrease while the dynamic strength
increases. This trend was valid for all the analyses conducted for this set of model porous
concretes.

In the next set of analyses, it was seen that increasing the pore size and consequently increasing
the porosity, highly decreases the dynamic strength, as expected. This outcome was seen in all
the four groups of samples (with 8, 23, 77 and 281 pores) analyzed. Decreasing the porosity from
0.2791 to 0.1005 in model concretes having 8 pores (decreasing the pore radius from 5 to 3 mm)
enhances the impact strength 2.47 times. In case of samples with 281 pores the same decrease in
porosity (by decreasing the pore radius from 0.8436 to 0.5062 mm) increases the dynamic
strength 2.22 times. Similarly, for the pore sizes of 23 and 77, the ratios of increase in dynamic
strengths were 2.46 and 2.19, respectively. Therefore, it is concluded that changing the porosity
drastically affects the strength. For the porosities analyzed, this effect is nearly independent of

the pore size.

3.3. Model Porous Concretes with Randomly Distributed Circular Pores

After investigating the individual effects of pore size and porosity on the performance of model
concretes, random distribution should also be introduced in the model as an influencing
parameter because in real porous concretes, the pores are far from being regularly distributed.
The main features of the analyses conducted on model porous concretes with randomly
distributed circular pores are also given in Table 1. In the analyses of model porous concretes
with randomly distributed pores, again four mixtures with different numbers of pores options,

namely 8, 23, 77 and 281 pores, were investigated. This time one pore size was selected to be
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analyzed for each number of pores (r=3 mm, 1.7693 mm, 0.97670 mm and 0.5062 mm,
respectively). Total porosity was kept constant at 0.1005. For each number of pores, four
different random pore distributions were generated using the random number generator in
MATLAB to determine the coordinates of the centers of the pores.

It was clearly seen in the experiments on porous concrete [4] and in the model concretes with
regularly distributed pores that the boundary conditions have a strong effect on the fragmentation
behavior. Therefore, in these analyses two different friction conditions were defined at the
specimen boundaries. Friction coefficients of 0.3 (the same as in the analyses of model concretes
with regularly distributed pores) and 0 (ideal testing with no friction) were used. The no friction
analyses were conducted to better monitor the fragmentation behavior of the material itself,
where the structural effects due to the constraining near the specimen boundaries were mitigated.
It should however be indicated here that in the scope of this research, size effect has not been
investigated. Size effect can expected to be highly valid for porous concrete.

The impact stress-time histories of the four random and one regularly distributed 8, 23, 77 and
281 pore concretes were examined along with the standard deviations of the peak values. Two
representative sets of graphs are shown in Figs 4 and 5. It was seen that when the pore size
increases, i.e. when the number of pores decreases, the effect of randomness on the results (the
variance of impact strength) increases. At constant total porosity, when the sizes of the pores
decrease (as the number of pores increases, e.g. for 281 pores as seen in Fig. 5) the material
becomes more isotropic (compared to e.g. 8 pore option in Fig. 4). Even when there is a random
pore distribution, this trend does not change. Consequently, the impact strength shows less
scatter. The standard deviation of impact strength was found to be 2.26 MPa for samples with

281 pores, compared to 5.44 MPa for samples with 8 pores. When the friction at the top and
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bottom boundaries were eliminated by defining a friction coefficient of 0, it was surprising to see

that the impact strength results were not significantly affected and stayed approximately the

same.
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Fig. 4 Impact stress time histories of model concretes with 8 pores with four random
distributions analyzed (with boundary friction)
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Fig. 5 Impact stress time histories of model concretes with 281 pores with four random
distributions analyzed (with boundary friction)
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The damage contours of two samples, with eight regularly or randomly distributed pores, are
presented in Fig 6. The analysis results for damage distributions of all the concretes with 8, 23,
77 and 281 pores, both regularly and randomly distributed, are provided in Online Resource 4.
In the representative image in Fig. 6, for samples with 8 pores, it is observed that when there is
no friction, more tensile cracks oriented parallel to the compressive loading direction are formed.
This kind of cracking is significantly different from the former inclined cracks caused by the
state of triaxial compression at the specimen boundaries. In no friction analyses, while there are
no triaxial confinement, the extensive tensile splitting causes the formation of small concrete
columns that buckle and behave similar to columns fixed at both ends [36]. The splitting
subsequently causes excessive dilation and ultimate failure. If the damage contour plots for
different pore sizes in Online Resource 4 are compared, it is observed that for smaller pore size
(i.e. as the number of pores increases), the fracture takes place in a similar way in concretes
having different random pore distributions. Consequently, the shapes and the sizes of the
fragments that are formed are similar. This is not the case for samples with large pores, where
samples with different random pore distributions show very different fracture patterns,

depending on the location of the pores (see the 8 pore model concrete in Fig. 6).

8pores_random1l

8pores_regular 8pores_randoml 8pores_regular

friction coefficient friction coefficient
for steel plate-concrete: 0.3 for steel plate-concrete: 0

Fig. 6 Damage contours of model concretes with 8 pores with regular and one random
distribution analyzed with and without boundary friction (elements with DamageC or DamageT
> 0.9 removed)
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3.4. Model Porous Concretes with Randomly Distributed Circular Pores and Aggregates

In order to see the effect of aggregates on the behavior of porous concretes, circular aggregates
were also included in the analyses. The main features of the analyses conducted on model porous
concretes with randomly distributed circular pores and aggregates are given in Table 2. Finite

element meshes of model concretes containing aggregates are presented in Fig. 7.

Table 2 Analyses conducted on model concretes with circular pores and aggregates

MODEL POROUS/FULL CONCRETES
WITH RANDOMLY DISTRIBUTED CIRCULAR PORES AND AGGREGATES
Material Phases: Aggregates+(ITZ)+Bulk Cement Paste + Air

Aggregate Pore
P f .of . .of . :
Analysis Label resence o N.o Radius N.o Radius | Porosity
ITZ Aggregates Pores
(mm) (mm)
65AGG23PORE no ITZ
65 1.7693 23 1.7693 0.10
5AGG23POREITZ with ITZ
(mﬁiﬁi(r}ete) no ITZ
1.
SSAGGITZ - 65 7693 0 0 0
w
(full concrete)
65AGG77POREITZ with ITZ 65 1.7693 77 0.9670 0.10
218AGG23PORE no ITZ
218 0.9670 23 1.7693 0.10
218AGG23POREITZ | with ITZ
Elteoncreey | 1T
218 0.9670 0 0 0
218AGGITZ with ITZ
(full concrete)
218AGG77POREITZ | with ITZ 218 0.9670 77 0.9670 0.10

In these analyses, the effect of aggregate size on the dynamic behavior of porous concretes was

investigated both when there is the ITZ phase present around the aggregates or not. In addition,
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full concretes (without any pores) were also analyzed to further check the effect of aggregate size
(with and without ITZ) on the impact behavior when pores are not present (see Fig. 4).

In all the concretes analyzed, the total amount of aggregate phase was kept constant (65
aggregates with r=1.7693 mm or 218 aggregates with r=0.9670 mm). The porosity was either
0.10 (the same as some of the porous concretes with circular pores presented in sections 2.2 and
2.3) or O (full concrete). The ITZ phase was defined in some of the selected concretes.

In the analyses, the aggregates were defined as elastic (with E=50 GPa, v=0.3, taking basalt
aggregates as reference). The bulk cement paste and ITZ phases around the aggregates were
defined using the Concrete Damaged Plasticity model. The input data for the cement paste and
ITZ phases were taken from the meso-scale ITZ and cement paste tests conducted in the scope of
the research project [4]. The raw experimental strain data was slightly corrected to eliminate the
local fluctuations and therefore to prevent program error, by taking the work of Jankoviak and
Lodygowski as reference [21, 26]. The damage-inelastic strain input data were also taken from
the same source. In the model, the following parameters were defined: E=30 GPa, v=0.20 (for

bulk cement paste), E=12.5 GPa, v=0.15 (for ITZ).

Iz
bulk

cement
paste

air
pores

65 aggregates(r=1.76 mm) 65 aggregates (r=1.76 mm) 65 aggregates(r=1.76 mm)
withITZ 23 pores (r=1.76 mm) 23 pores (r=1.76 mm)
no ITZ withITZ

Fig. 7 Finite element meshes of model concretes with aggregates, with/without pores, and
with/without ITZ
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The representative meshes used in the analyses were presented in Fig. 7. The finite element
meshes containing aggregates are presented in Online Resource 5 for better visualization of the
samples, that have been numerically analyzed. The impact stress-time histories of porous
concretes with 65 and 218 aggregate particles with ITZ are presented in Fig.8. With also the
presence of ITZ, the impact strength of the porous concretes decreased as the number of
aggregates were increased i.e. the sizes of the aggregates were decreased (while keeping the total
amount of aggregates, the total porosity and the pore size constant). This outcome is valid for
both 23 pore and 77 pore samples with 65 and 218 aggregates. For 23 pore samples, the
difference between 65 and 218 aggregate concretes was even slightly more pronounced. For the
same number of aggregates and same porosity, the impact strength increased as the pore size was
decreased (from 23 pores with r=1.7693 mm to 77 pores with r=0.9670 mm) which was already
emphasized in the analyses on model porous concretes with only circular pores in the previous
sections.

—65aggregates77pores-withITZ
—218aggregates77pores-withITZ
—65aggregates23pores-with| TZ
—218aggregates23pores-withITZ

IS o
o o

Impact Stress (MPa)
w
o

L 218 AGG + 77 Pores 65 AGG + 77 Pores
0.0005 0.00075 0.001 0.00125 0.0015 +ITZ +ITZ
Time (sec)

0 0.00025

Fig. 8. Impact stress time history of model porous concretes with 65 and 218 circular aggregates
and 23 and 77 circular pores, with ITZ and representative damage contours of two selected
mixtures
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Fig. 9. Impact stress time histories of model porous concretes with 65 and 218 circular
aggregates and 23 circular pores, with and without ITZ
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Fig. 10. Impact stress time histories of model full concretes with 65 and 218 circular aggregates,
with and without ITZ

Due to the fact that as the aggregates get finer, the total amount of ITZ, which is the weakest
solid phase increases, the effect of the presence and absence of ITZ was also needed to be

evaluated. In Fig. 11, the amount of ITZ elements compared to CP elements in 65 and 281
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aggregate porous concretes are presented, where the elements of the selected phase is indicated
in red.

It can clearly be seen that the aggregates getting finer drastically increases the portion of ITZ
phase in concrete. Therefore, the porous concretes without any ITZ phase should also be
analyzed in order to see the individual effect of aggregate size on the material. As it can be seen
in Fig.9, when there was no ITZ phase defined, the impact strengths of two porous concretes

(with 65 and 281 aggregates) were nearly the same (the peak values were approximately equal).

65 aggregates 65 aggregates 218 aggregates 218 aggregates
6675 ITZ elements 29389 CP elements 18302 ITZ elements 18711 CP elements
ITZ/CP=0.23 ITZ/CP=0.98

Fig. 11 Distributions of bulk cement paste (CP) and ITZ phases in different mixtures
(65AGG23POREITZ (top left), 281AGG23POREITZ (top right), see Table 2) and the
corresponding damage contours (bottom)

Therefore, for this set of analyses, it can be said that the effect of aggregate size on the impact
strength of porous concretes was negligible unless there is a weak ITZ phase defined around the
aggregates which was an important outcome. When this outcome was further checked for the full
concretes shown in Fig.7, the same trend was seen. When the aggregate size was decreased while

keeping the total amount of aggregates constant, the impact strength stayed the same in case

when there was no ITZ phase present (see Fig. 10). In the presence of ITZ however, the impact
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strength decreased as the aggregate size was decreased i.e. the number of aggregates were

increased from 65 to 218, as can also be seen in Fig. 10.

When the damage contours of porous concretes with 77 pores and 218 or 65 aggregates with ITZ
are compared (as seen in Fig. 8), it can be observed that when the aggregate size was decreased,
the fragments were generally finer compared to the larger aggregate concrete. However, it can
also be observed that in the 281 aggregate porous concrete, in some of the fragments, the
aggregates were still bound to each other and stayed intact in groups which increased the

fragment sizes at those parts.

For porous concretes, there are several research articles in literature that report their findings on
aggregate size having increasing or decreasing effects on the compressive strength of porous
concretes [37, 38]. In real porous concretes, the aggregate size and pore size are coupled, i.e. as
the aggregates get coarser, the sizes of the pores increase as well. Therefore, the effects of impact
strength increasing as the pore size is decreased and decreasing as the aggregate size is decreased
(due to the increase in ITZ phase) act simultaneously in real porous concretes. Thus, the
information obtained from the analyses conducted on the different sets of model porous
concretes, where a single factor is varied while keeping all the other factors constant, in this
work cannot be directly verified with experimental data. For real porous concretes, because there
are the mentioned factors working simultaneously in opposite directions, each specific mixture
should be evaluated separately to see which factors dominate over the others for that individual
mixture, which may also explain the controversy in the experimental findings in terms of the

effect of aggregate size on strength.
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4. Conclusions

The objective of this numerical study was simulating and assessing the dynamic behavior of
porous concretes under drop weight impact loading in order to understand the effects of various

control parameters individually. The following conclusions can be drawn regarding this work.

- The analyses of the sample with a single pore provided helpful information on the stress and
damage distributions at the vicinity of a pore where tensile stress concentrations at the poles and
compressive stress concentrations at the sides of the pore were clearly visualized under dynamic
compressive loading.

- Model porous concretes with regularly and randomly distributed circular pores were analyzed
to better understand the effects of individual parameters associated with pores. From a
comparison of the impact responses of model porous concretes with different size pores
(constant total porosity), it could clearly be concluded that, with decreasing pore size, the impact
strength of the concretes increased. From damage output, it could be concluded that with
decreasing pore size (and hence an increase in the number of pores in order to keep the total
porosity constant), the sizes of the fragments that are formed drastically decreased. It was also
seen in the analyses that increasing the pore size, and consequently increasing the porosity,
highly decreased the dynamic strength, as expected.

- In the analyses of porous concretes with randomly distributed circular pores, for each different
total number of pores, four random pore distributions were investigated with and without
boundary friction between the specimen and the drop weight or the steel plate at the bottom. It
could be concluded that when the pore size increased the effect of randomness on the results, i.e.
the variance, also increased. Therefore, the results are more reproducible i.e. the production is

more easily repeatable, when the pore size is decreased. The analyses with and without end
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friction revealed that restrained deformations due to boundary conditions have a major effect on
the fragmentation behavior, which was clear from the plots of the damage contour. In case of no
friction, no triaxially confined zones were seen while tensile splitting became a more dominant
factor.

- Model concretes with randomly distributed aggregates, with/without pores were also analyzed
to see the effect of aggregate size on the porous concrete properties with/without the influence of
interfacial transition zones. In the analyses, the total amount of aggregates was kept constant
while the aggregate size was varied. According to the results, the impact strengths of porous
concretes decreased as the aggregate size was decreased when there is also a layer of ITZ defined
around the aggregates. However, when there is no ITZ defined, the impact strengths of porous
concretes were found to stay approximately the same when the aggregate size is varied. To be
able to verify this situation with also full concretes, two different aggregate sizes were also
analyzed. It was found that when there is no ITZ, the impact strength stayed the same when the
aggregate size was varied. With the presence of ITZ, which is mechanically the weakest phase
among the solid phases of concrete, the impact strength decreased as the aggregates got finer,
due to the total portion of ITZ increasing with decreasing aggregate size.

- The results obtained from this study show that impact strength increases with decreasing pore
size while it decreases with decreasing aggregate size with also the presence of ITZ. In case of
real porous concretes, these two factors i.e. pore size and aggregate size, are coupled. During
porous concrete production, it was clearly seen that as the aggregate size was increased, the pore
size also increased. Because these two coupled factors cause contradicting effects in strength,
according to the extent of which factor is more dominant for a specific porous concrete mixture,

the effect of that factor may clearly be seen in the strength results for that mixture.
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- The numerical model was a versatile tool for the analysis of porous concrete, complementary to
experimentation. The analyses provided valuable information which can be used in the design
procedure of a porous concrete with predefined requirements.
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