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Abstract

The compressive behaviour of Lightweight Aggregate Concrete (LWAC) specimens was simulated through the Finite
Element Method (FEM). The specimens were modelled so as to reproduce experimental data available in the literature. The
numerical model considered the material as biphasic, composed of mortar — for which the mechanical properties were
experimentally measured — and expanded clay — analytically characterized in a previous work. Numerical results showed
fair agreement with experimental data, encouraging further applications with a higher level of complexity concerning geo-
metrical and mechanical aspects.

Streszczenie

Zachowanie na Sciskanie probek z betonu lekkiego kruszywowego (LWAC) zostalo zamodelowane przy uzyciu metody ele-
mentoéw skonczonych (MES). Probki byly modelowane tak, aby odtworzy¢ dane doswiadczalne, dostepne w literaturze.
W modelu zalozono material dwufazowy, skladajacy sie z zaprawy — ktorego wlasciwoSci mechaniczne zostaly wyznaczone
eksperymentalnie — i glina — scharakteryzowany analitycznie w poprzedniej pracy. Wyniki numeryczne wykazaly dobra zgod-
no$¢ z danymi do$wiadczalnymi, zachecajac do dalszych zastosowan na wyzszym poziomie zlozonoSci dotyczacych aspektow
geometrycznych i mechanicznych.
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1. INTRODUCTION weight, better thermal and acoustic insulation, and
improved fire resistance, which may lead to a reduc-
tion in the overall cost of project. The use of LWAC
allows for reduced sections on structural elements,
larger spans, decreased amount of required steel, and
therefore can be economically and efficiently applied
to several types of buildings.

Lightweight Aggregate Concrete (LWAC) is a versa-
tile material that has been used in civil and naval con-
struction worldwide for decades. Some of its main

advantages over Normal-weight Aggregate Concrete
(NWAC) are: reduced dead load due to low self-

3/2015 ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 45



A. Bonifédcio, J.

Although LWAC presents reduced weight and thus a
structural advantage, its mechanical resistance is in
general lower than that of ordinary concretes. In
spite of this fact, the material is employed in civil con-
struction in structural (load bearing) and non-struc-
tural elements. The examples below illustrate its effi-
ciency when applied to high-rise construction. The
One Shell Plaza Tower, a 220 m office building in
Houston, has all its structural elements incorporating
lightweight aggregates (Fig. 1). In turn, the Barclays
Bank Head Office, located in Canary Wharf,
London, is an example of mixed construction tech-
nics — its structure is based on steel frame, whereas
the slabs are built with composite deck slabs of light-
weight aggregate concrete (Fig. 2). In both cases,
LWAC was used as a form of reducing the weight of
the elements, improving room insulation, besides
adding hours of fire resistance with no extra measure,
allying economical and safety advantages.

Differently from NWACs, where the aggregate is
more resistant than the mortar and cracking begins in
the interfacial transition zone (ITZ), in LWACs the
weakest phase is the aggregate — which has a strong
influence on the concrete’s properties [2]. Fig. 3
shows the aspect of expanded clay grains while Fig. 4
illustrates the longitudinal section of a cylindrical
sample made of LWAC.

For practical design purposes, it is convenient to be
able to estimate the mechanical properties of hard-
ened concrete based on its composition. Concerning
LWAC’s, though, this is a rather complex task due to
the fact that the mechanical properties of LWAs are
not easily measured through experimental techniques.
Amongst the methods currently employed to evaluate
LWA's compressive strength are experimental proce-
dures and empirical correlations to its bulk density.
The standard experimental method is the aggregate
crushing test, which records the required pressure for
the specimen to reach a 20 mm or 50 mm compres-
sion by means of a hydraulic press (BS EN 13055-
1:2003) [4]. The resultant compressive strength of the
aggregate from the crush test (f, ), however, does
not accurately reflect the failure mode of the LWA in
the concrete [5]; thus impairing the prediction of the
LWAC compressive strength. In turn, empirical equa-
tions that relate the compressive strength to bulk den-
sities fail to consider inherent characteristics of the
aggregate (i.e. composition, origin, storage condi-
tions, handling) and hence are not considered as reli-
able options for the material’s characterization.

In the previous work, Ke et al. [5] employed an analyt-
ical inverse method for estimating the compressive
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Figure 1.
One Shell Plaza Tower, Houston, USA [1]

Figure 2.
Barclays Bank Head Office, London, UK (photo by Simon
Judd)

strength of LWAs (f;). Through a micromechanical

scheme, the authors managed to obtain that property
from experimental compressive strengths (f.) mea-

sured on LWAC samples. The adopted input parame-
ters were: Compressive strength (f;,) and Young mod-

ulus (E,,) of the mortar matrix (experimentally

obtained), volume fraction of LWA adopted in the
concrete’s mixture, compressive strength measured on
hardened LWAC specimens (f;) and Young modulus

of the LWA (E,), evaluated with Eq. (1):
E, =8000p,, 1

where pgyq is the dry density of the lightweight aggre-
gate [5].
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Figure 3.
Lightweight Aggregate — Expanded Clay (picture: public
domain)

Figure 4.
Longitudinal section of a LWAC specimen [3]

By adopting the aggregate and the mortar properties
—fa, E4, fin and E,, — experimentally and/or analytical-
ly measured — the present study simulates the behav-
iour of LWAC specimens when subjected to com-
pressive load. To this end, it is employed the free
Finite Element (FE) code Cast3M, developed by the
French Atomic Energy and Alternative Energies
Commission (Commissariat a Lénergie Atomique et
aux Energies Alternatives, CEA). The output of the
numerical analysis is an estimate of the compressive
strength (f) of the LWAC. For validation purposes,
the numerical data are compared to the results of an
experimental program where the f; ., of LWAC cylin-

drical specimens was measured via mechanical tests.

2. NUMERICAL PROGRAM
2.1. Overall Description

The numerical program described herein was accom-
plished through Cast3M. This software applies the
Finite Element Method to several areas, such as elas-
ticity, elastoviscoplasticity problems, among oth-
ers [6]. Cast3M is developed in a specific high level
object oriented macro-language — Gibiane — where
the solver is integrated with pre-processing and post-
processing tools. In the present analysis, the LWAC
is assumed as a biphasic medium, composed of mor-
tar (m) and LWA (a). The compressive behaviour of
cylindrical LWAC samples was simulated by assum-
ing, for the sake of simplicity, a plane stress linear
isotropic behaviour for both phases.

3/2015

2.2. Reference Experimental Data

Experimental results obtained from a set of LWAC
cylindrical samples made of ordinary mortar with
25% of expanded clay 4/10 was taken as benchmark
for the present work. The material properties adopt-
ed for validation purposes in this study were extract-
ed from reference [5] and are summed in Tab. 1. The
aggregate gradation is shown in Tab. 2.

Table 1.
Material’s properties [5]
Description Value (MPa)
E, (LWA's Young’s 8030.00
modulus )
Em (Mortar’s Young’s 28600.00
modulus)
(LWA’s compressive
fa strength) 18.30
(Mortar’s compres-
fm sive strength) 40.20
(LWAs tensile "
Pa strength) () 241
(Mortar’s tensile -
pm strength) (%) 8.04
(LWAC’s compres-
Joeyp sive strength) 34.00

(*) This value was obtained from equation (BS EN
13055-1:2003) [4]

Pa = 3.9 (1.82p,/1000 - 0.4), where p,, is the bulk
density. In the present case, p, = 560 kg/m?;
(**) pm was assumed as 20% of f;, [7].

Table 2.
Lightweight aggregate gradation.
Sieve Size 155100 80 63 50 40 25 125 pan
(mm)
%0 Cumulative - 1 o6 13185.44194.84 97.85 99.79 99,94 100
Refusal

2.3. 2D Finite Element Modelling of the LWAC
Specimens

The geometry of the 2D models described in this sec-
tion represents the central longitudinal section of a
standard cylindrical sample with 15cm of diameter
and 30cm high (BS EN 12390-1:2012) [8], as shown in
Fig. 5a and Fig. 5b. The aggregates are considered as
spherical, randomly distributed and immerse in mor-
tar, here assumed as a homogenous material. The
spheres diameter’s distribution reproduce the actual
aggregate gradation adopted in the mixture, given in
the reference work [5] and presented in Tab. 2.
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Figure 5.

Numerical representation of a LWAC sample: (a) geometry
of the numerical sample; (b) longitudinal section AA’ show-
ing the concrete matrix in white and the aggregates in black;
(c) typical FE mesh

Fig. 5b represents a 2D model of the concrete speci-
men and the loading and boundary conditions adopt-
ed so as to reproduce a compressive test. Fig. 5c illus-
trates a typical plane stress mesh of linear triangle
finite elements, where the two considered phases —
mortar and LWA - are clearly identified, as one can
see in the detail. In order to account for the disper-
sion of results, thirty 2D models were generated from
the same synthetic sample, each one presenting a dif-
ferent random spatial aggregate distribution.

2.4. Failure Analysis

E, fo» Em and f,;, (from Tab. 1) are the input mechan-
ical parameters for the numerical analysis, which con-
sisted of subjecting the modeled concrete specimens
to incremental compressive loads (as indicated in
Fig. 5c up to failure. The compression stress level of
a finite element is defined by means of a quantity
named compression stress level (cqo(i)) where the

a index indicates the phase of the i-th finite element:
m for mortar and a for LWA. The c (i) coeftficient is

evaluated according to Eq. (2):
e, ()= abs(;z ©) )

where o2(i) is the maximal compressive stress
observed in the i-th element and f, is the phase’s
compressive strength (see Tab. 1). The tensile stress
level (t4(7)) is evaluated for every finite element in an
analogous manner, as given in Eq. (3):

£ )=29 3)

a

where o;(i) is the maximal tensile stress in the i-th
finite element and p, is the phase’s tensile strength
(given in Tab. 1). The i-th element is considered to
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reach failure — either under compression or tension —
when c (i) and/or t4(i) are = 1. It is possible to identi-
fy the global failure of a LWAC specimen when a sig-
nificant amount of finite elements reaches failure.
The main goal of the adopted computational proce-
dure is to verify whether the resulting compressive
strength numerically obtained approaches its experi-
mental counterpart, f;., = 34 MPa (given in Tab. 1).

3. NUMERICAL RESULTS

In this preliminary work, the non-linear behaviour
observed in actual experiments is not considered. In
spite of this fact, the adopted approach showed fair
agreement with the reference measurements, as one
can see in the following.

In order to verify the convergence of the numerical
results, 6 different meshes with increasing refinement
levels were adopted to model the 2D concrete sam-
ple: M1 (1,832 elements); M2 (11,712 elements); M3
(47,002 elements); M4 (187,874 eclements), M5
(293,754 elements) and M6 (423,200 elements).
Fig. 6 illustrates the results obtained for the vertical
displacement (§) on the top of the specimen for each
adopted mesh (Mi) related to that evaluated for
mesh M6. As one can see in the figure, results are
almost coincident for meshes M4, M5 and M6. Based
on this consideration, mesh M4 was adopted for the
present analysis.

|
M1 wiz M3 M 3 WE
Mesh

Figure 6.

Convergence analysis: the curve represents the variation of
the vertical displacement on the top of the numerical model
for six different FE meshes

Fig. 7 to Fig. 10 show the amount of failed elements
resulting from applied compressive stresses varying
from 15 MPa to 34 MPa. The boxplots presented in
such figures result from the 30 analyses performed on
the numerical specimens, as mentioned in section 2.3.
— the red lines standing for the median values. Fig. 7
demonstrates the evolution of the amount of finite
elements made of LWA (a.rg) under compressive
failure, indicating that when the concrete sample is
under 27 MPa, around 5% of those elements present
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¢q 2 1. That amount reaches about 80% for a com-
pressive loading of 34 MPa. Fig. 9 indicates that for
the maximal applied load, there are nearly 10% of
a-FE under tensile failure (¢, = 1). Fig. 8 and Fig. 10
are related to the finite elements composed of mor-
tar (m.gg). It is seen in Fig. 8 that the amount of m.pg
reaching compressive failure varies from 4% — for a
27 MPa loading — to more than 25% under 34 MPa.
On the other hand, Fig. 10 shows that there was prac-
tically no m_gg under tensile failure (¢, = 1) for the
applied load levels.
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Figure 7.
Evolution of the amount of a-FE under compressive failure
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Figure 8.
Evolution of the amount of m-FE under compressive failure
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Evolution of the amount of a-FE under tensile failure
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Figure 10.

Evolution of the amount of m-FE under tensile failure
tnz1)

4. DISCUSSION

In the present analysis, the LWAC sample is consid-
ered to reach global failure when a significant
amount of finite elements reach their respective
stress limits (¢, and/or ¢, = 1). Fig. 8 to Fig. 10 indi-
cate that such a situation is not observed for loadings
up to 27 MPa. From that stage on, an increasing num-
ber of finite elements attain failure at each loading
step. The numerical result for the LWAC’s compres-
sive strength, though, is estimated as ranging from
27 MPa to 34 MPa. Such a result is considered to fair-
ly agree with the benchmark, of 34 MPa. It is impor-
tant to notice that the present study does not take
into account some specific phenomena that influence
the material’s macroscopic behaviour. For instance,
the linear mechanical model adopted herein for both
the concrete’s components does not reproduce any
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stress redistribution resulting from localized failure.
This aspect shall be improved by assuming an elasto-
plastic non-linear mechanical model, which is expect-
ed to increase the global material’s strength.

This work is the starting stage of a comprehensive
study aiming to apply computational modelling allied
to experimental data to the better understanding and
prediction of LWAC’s behaviour. In spite of the sim-
plifying hypothesis adopted in this stage of the work,
the numerical results obtained herein showed fair
agreement with their experimental counterpart. This
fact encourages further applications with higher com-
plexity related to geometric and mechanical aspects,
in order to better reproduce and preview real world
problems.
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