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Abstract. The application of concrete waste for recycled aggregate concrete (RAC) used in structural members is as-
sociated with an increased risk for the structure due to, e.g. pollutions in the old crushed concrete and random variable
strength. A new concept of RC flexural members like beams and slabs made of RAC with strengthening inclusion was
elaborated and presented in the paper based on application of precast concrete inserts made of HSC, located in the com-
pression zone of the members. The paper presents the results of experimental and numerical (FEM) analysis carried out
on such composite beams. The results of experimental research on the behavior of such beams and numerical simula-
tions using Diana computer program reveal some positive effects, such as higher stiffness and flexural capacity of the
innovative beams compared to the reference beams made fully of RAC.
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Introduction

For several years construction debris has been put to
use, usually as a road base or for levelling the ground. It
would be a better solution would be to use such recycled
aggregate to produce concrete structures.

One of the possible uses of recycled concrete in the
RC constructions is to replacing natural aggregate with
the recycled aggregate. It is estimated, that the global
world concrete construction industry needs a huge vol-
ume of natural aggregates (about 10 billion ton per year).

The research on structural members made of recy-
cled aggregate concrete (RAC) has been conducted since
the 90s in many countries. In 1994, in Osnabruck, Ger-
many the first apartment building was constructed with
recycled aggregate concrete (Roos 2002). The problems
with the use of secondary concrete aggregates for con-
structions have recently been considered in a few publi-
cations (Ajdukiewicz, Kliszczewicz 2007, 2012; Shayan,
Xu 2003; Cassuccio et al. 2008; Murali et al. 2012; Ho
et al. 2013). The problem of application of coarse ce-
ramic waste for structural concrete has recently been ana-
lysed in Poland from construction industry perspective
(Domski, Katzer 2013).

The carrying capacity and stiffness of flexural mem-
bers made of RAC results mainly from the tensile re-
inforcement and the concrete compression zone, which
depend on random compressive strength variable of the
recycled aggregate concrete (Xiao et al. 2007). Previous

studies (Rahal 2007; Sagoe-Crentsil ef al. 2001; Maruy-
ama et al. 2004; Shayan, Xu 2003; Limbachiva et al.
2004; Jeske et al. 2004) showed that the application of
concrete waste for recycled aggregate concrete used in
structural members is associated with an increased risk
for the building structures. The designers are probably
afraid of wider application of RAC as structural concrete
(Jeske et al. 2004; Yadav, Pathak et al. 2009; Gilbert,
Kilpatrick 2011; Malesev et al. 2010).

On the basis of results of own experimental studies
on model beams (Lapko et al. 2005; Lapko, Grygo 2010,
2011, 2013; Grygo et al. 2011) some significant differ-
ences in the behavior of flexural structural elements made
of recycled aggregate concrete (RAC) were confirmed,
compared to members made of concrete with natural ag-
gregate. The beams made of RAC cracked earlier and
showed greater deflections under comparable loads. The
concrete strains in the most stressed compression zone of
such beams were higher by about 45% of the strains in
the reference beams made of natural aggregate concrete,
whereas the mean values of strains in the tension zone
were comparable.

RC beams made of RAC showed lower flexural ca-
pacity of 5 to 7%, compared to reference beams made of
natural aggregate concrete with similar class of compres-
sive strength. There were no differences observed in the
mechanism of destruction, all the beams were destroyed
as expected, by the yielding of the reinforcement in the
tension zone.
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To avoid some risks for the structural behavior of
members made of recycled aggregate concrete the au-
thors proposed an innovative solution for constructing
RC flexural members made of RAC prepared with an in-
clusion (being a kind of inserts) made of High Strength
Concrete (HSC) located in the most compression zone of
the RC member (Lapko, Grygo 2013).

This paper describes the results of experimental and
numerical studies of such innovative constructions based
on the tests on model and full-scale RC beams conducted
by the research team of the Chair of Building Structures
of Bialystok University of Technology.

1. Description of the innovative beams made of
RAC

1.1. The conception and materials used

The concept of an innovative RC beam structure made of
recycling aggregate concrete is based on an application of
thin layered precast concrete strengthening HSC inserts
with the compression strength £, = 100 MPa on the basis
of good quality natural aggregate. During the construc-
tion the precast HSC insert is located in the central part
of compressive zone of a structural member (like simply
supported beam or slab) and it is jointed with an arrange-
ment of steel reinforcement (top flexural bars and verti-
cal stirrups). Then the complex system is located in the
form and casted with recycled aggregate concrete (RAC).
After the hardening process of concrete the HSC insert
is durable connected with surrounding recycled aggregate
concrete and assured against slipping at the connected
horizontal surfaces.

The constructional scheme of the innovated flexural
structure is shown in Figure 1. The technological idea of
construction has been registered in the Polish Patent Of-
fice (Lapko et al. 2009).

Considering the above-mentioned assumptions and
results of our pilot studies (Lapko, Grygo 2011) few se-
ries of prototype innovative model and also full-scale
beams made of recycled aggregate concrete (RAC) with
the HSC insert were analyzed theoretically and tested ex-
perimentally till the failure. Also two kinds of reference
beams fully made of RAC and natural aggregate con-
crete with similar strength for compression were tested
and the results were compared. The characteristics of mix
compositions and chosen properties of RAC and normal
concrete used in this research are presented in the Table 1
and the properties of HSC used in the strengthening in-
serts are presented in the Table 2.

HSC insert

beam made of RAC

T A—r

Fig. 1. Technological scheme of an innovative RC beam with
the insert made of HSC
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The coarse recycled aggregate has been manufac-
tured from demolished 30-year old RC structures with
the compression strength 32.4 MPa with mean density of
2440 kg/m? and the mean absorbability 6.98%.

In the mix of RAC the coarse aggregate has been
only replaced by secondary aggregate, as presented in
Table 1.

The secondary aggregate was classified as type II
in accordance with RILEM requirements (RILEM 1994).

Table 1. Data composition of recycled aggregate concrete and
natural aggregate concrete (w/c = 0.7) used in tested beams

Sand Coarse aggregate
Cement Water [kg] [kg]
[ke] (] (02 24 438 8-16
mm) mm mm mm
RAC 070 270 189 575 175" 359" 706"

Natural
aggregate (.70 270 189 575 175 359 706

concrete

Ve w/c

Note: *denotes coarse recycled aggregate.

Table 2. Data composition and properties of HSC used in the
strengthening insert of innovative beams

Composition of HSC Type of Mean
. aggregate  strength
Series w/c  k/c m/c Density of HSC
[MPa]
Series 1  0.31 3.62 0.1 2.57 Basalt 112.7
Series 2 0.29 3.66 0.1 2.53 Basalt 115.9
Series 3 0.30 3.66 0.1 2.54 Basalt 98.0

The compressive strength of the recycled aggregate
concrete used in the innovative beams (RH type), as well
in the reference homogeneous beams (R type) were eval-
uated from the tests on samples: £, .5 = 32.5 MPa and
modulus of elasticity: £, ,,. = 27.2 GPa, whereas for the
natural aggregate concrete used in the reference homoge-
nous beams (N type): /o, cupe = 34.2 MPa and modulus of
elasticity £, , = 30.8 GPa. Recycled aggregate concrete
mixes were made with different compositions of cement
content and w/c ratio. The results of compressive strength
tests are shown in Figure 2.

For the verification of the results statistical analy-

ses were carried out of the uncertainty of the results of

60
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C =360 ke/m?

50
C =330 kg/m’
5

C =300 kg/m?

compressive strength [MPa]

C =270 kg/m?

05 0.6 0.7
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Fig. 2. Compressive strength [MPa] versus w/c ratio diagrams
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strength tests. The standard deviations determined using a
development of the F(x;) function in a Taylor series with
correlated x;, x;, input sizes using the Eqn (1):

N
0= 3 ] (54
i1\ %
N-1 N 8y 8_)/ j
2 — || = |u(x;, x;). (1)
i; k—zﬂl[&ci j[&ck o)

The w/c ratio = 0.7 for RAC was assumed to assure
good workability of concrete mixes used in the prepara-
tion of RC beams with dense arrangement of reinforcing
bars. However the high value of w/c = 0.7 did not signifi-
cantly influence the resulting mean values of compressive
strength.

The flexural strength of recycled aggregate concrete
was also tested. The tensile strength of RAC, compared to

the reference natural aggregate concrete was lower only
6.8%.

1.2. Tests on shrinkage strains

Tensile stresses are induced in the concrete member due
to shrinkage under drying conditions. For the needs of
evaluation of shrinkage strains prisms made of two dif-
ferent concretes were prepared: RAC (f,,, = 28.7 MPa)
joined with HSC (f,,, = 104.3 MPa). Schematic layout
of the measurement points is presented in Figure 3. The
shrinkage strains were measured on the surface of such
concrete prism with Demec extensometer in the course
365 days.

In Figure 4 there diagrams of shrinkage strains
for tested samples are presented. The red line indicates

)

@ HSC
RAC
. L]
12,5 25 12,5 ’y
50

Fig. 3. View of composite prism for measuring of shrinkage
strains: (1) measuring points of Amsler Apparatus;
(2) measuring points of extensometer Demec
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Fig. 4. Shrinkage strains measured during 365 days for three
different types of prisms used in the tests

changes of shrinkage strains of the concrete prisms made
of RAC and HSC. Such concrete prism revealed reduced
shrinkage strains compared to the reference prism fully
made of RAC. It means that the interface between RAC
and HSC should have a positive impact on reducing long-
term strains and deflections in RC beams made of RAC
with HSC insert. However the shrinkage strains were
larger than for reference prism made of HSC.

2. Studies on full scale innovative beams

2.1. Dimensional analysis of innovative beams

To clarify the scale effect on the structural behaviour of
full-scale innovative beams a wide program of experi-
mental tests and computer MES simulations were con-
ducted on the series of above- described beams made of
recycled aggregate concrete with the HSC inserts under
short time and also long term load. The structure of in-
novative full-scale beams is presented in Figure 5. The
beams with the span of 3200 mm had rectangular cross-
section of 120x200 mm. The HSC insert was located in
the centre of a RC member in the compression zone and
connected with bottom and top flexural reinforcement us-
ing 6 mm stirrups. The geometrical dimensions of HSC
insert (the thickness and the length) were estimated as-
suming that insert cross-sections should be fully located
in the compression zone of the considered innovative
beams taking into account the assumptions for ULS de-
sign.

For this reason the neutral axis depth in the con-
sidered mid cross-section of the innovative beam (see
Fig. 5) has been evaluated taking into account the defor-
mational model of HSC, based on the rectangle parabola-
relationship (Fig. 6).

The characteristic values of HSC are assumed in re-
lation to the obtained concrete mean compressive strength

316 main bars HSC insert

T

1400
125 2950 i 120,
3200

2¢10 mounting bars

150 50

Fig. 5. The scheme of innovative full scale beam with the
insert

G
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Fig. 6. Parabola — rectangle diagram for concrete in
compression according to Model Code 2010 (CEB-FIB 2011)
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of 1., = 108 MPa: limit strains €., = €.,, = 2.7%o0 and
the parabola exponent n = 1.3, according to Model Code
2010 (CEB-FIB 2011).

For the assumed rectangular beam cross-section
(with the constant width b and effective depth d) the
compressive stress block may be evaluated by the inte-
gration of stress diagram consisting of n-order parabola
and rectangle in function of the y distance from neutral
axis depth x to the given fibre under compression (Lapko,
Jensen 2008):

X e n
E.=fb||1-|1-—=—y| |dy, 2
'([ ( Scz(d—x)yJ g

where €, denotes ultimate tensile strain in flexural steel.

For the assumed arrangement of flexural steel bars
3016 (with reinforcement ratio p = 2.9%) the bilinear
diagram for steel reinforcement RB500 with horizontal
branch, assuming a yield strength of £, = 500 MPa of the
steel type RB500.

For evaluation of internal bending moment in the
light of ULS the following equation was used (Lapko,
Jensen 2008):

MRd:(D 1-

o)
1

0,5p(n+l)+7—l

p(n+2)

p(n+l)

-0 bd’f,. (3)

where: w =d/x — dimensionless value of neutral axis
depth in the cross-section of the beam, calculated from
the Eqn (4):

_Aafy p(n+1)
0= .
bdf, p(n+1)—1

“4)

In the Eqns (3) and (4) the value p denotes concrete
compressive strain ratio €.,/€.,,. For the assumed con-
crete compression strength f.,, = 108 MPa — p = 1.0 and
the order of parabola n = 1.3, according to Model Code
2010 (CEB-FIB 2011).

Adopting the above Eqn (4) the value of dimension-
less depth of compression zone w was calculated and
equaled to 0.228. Assuming that d = 172 mm the neutral
axis depth x in the critical section of the HSC insert is
equal to:

x=0.228 - 172 = 39.2 mm.

For the technological reasons it was assumed the
thickness of the HSC insert is equal to 50 > 39.2 mm. It
means that the compression zone must be fully located in
the cross section of the HSC insert. It was also assumed
the length of the insert 1400 mm.

Fig. 7. View of full-scale beam with HSC insert before testing

On this basis, the critical internal bending moments
taking into account the strengthening insert was calcu-
lated from Eqn (2) equaled to My = 48.9 kNm. Taking
into account the four point system of loading during the
experimental tests the theoretical critical Ny load de-
stroying the innovative RH beam type should be equal
t0 99.46 kN.

Internal forces in the cross- sections of homogene-
ous reference full scale beams, (without HSC inserts)
were separately analyzed, using the same deformational
model of normal strength concrete (see Fig. 7) on the
basis of appropriate concrete strain characteristic €., =
2%o and €., = 3.5%o and the parabola exponent n = 2.0.

cu2

2.2. Results of short time tests of the beams

Four series of full scale beams were prepared taking into
account the results of the above dimensional analysis.
Flexural steel bars arrangement (reinforcement ratios)
were differed depending of the series of the beams. Stir-
rup spacing (@ 6 mm) was constant along the shear span
of the beams and equal to 120 mm. The cross-section di-
mensions of full scale beams were equal to 120x200 mm.
The HSC inserts with the thickness of 50 mm and
1400 mm in length were located in the centre of the com-
pression zone of innovative beams (see Fig. 7).

In each series the following types of beams were
prepared:

- S-RH series prototype beams (made of recycled ag-
gregate concrete with the HSC insert);

- S-N series reference beams (natural aggregate con-
crete);

- S-R series reference beams (with coarse recycled ag-
gregate concrete);

- S-H series reference beam (fully made of HSC).

The main data for concrete and reinforcement of the
tested full-scale beams is presented in Table 3.

Beam deflections were measured using induc-
tive sensors produced by Megatron Muenchen with the
measuring range of 25 and 50 mm and the accuracy of
0.001 mm. Additionally, by using the DEMEC sensor the
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Table 3. The specifications and main characteristics of tested
full-scale beams

The mean
Series strength of Flexural Reinforcement
specification ~ concrete f,,, reinforcement ratio [%]
[MPa]

— SI-N 34.8
% SI-R 325 2010 + 198 1.00
n

S2-N 36.1
(q\]
» S2-R 36.7
2 2014 + 1012 2.00
8 S2-RH  34.7/112.0

S2-H 111.6

S3-N 30.3
N
» S3-R 33.8
2 3016 2.90
(%‘3 S3-RH  33.4/112.0

S3-H 111.6
<+
8
‘5 S4-RH 347
v1  S4-H 111.6 2020 + 1016 3.97

concrete strains were measured in several vertical cross
sections and at several levels of the depth of the beam
cross-sections. The experimental relationships: applied
load — the tested S-3 series beams deflection (reinforce-
ment ratio of 2.9%) are shown in Figure 8.

The experimental tests conducted on full-scale in-
novative beams clearly showed that application of HSC
inserts significantly increase flexural stiffness of such
beams. For example, the average beam deflections of
S2-RH series (with reinforcement ratio of 2.0%) under
the load of 55 kN were lesser by about 20%, compared to
the homogenous reference beams made of S2-R type re-
cycled aggregate concrete. The innovative S3-RH Series
beams (reinforcement ratio of 2.9%), at a load of 75 kN
showed mean deflections lesser by about 40%, compared
to the reference beams fully made of RAC.

Comparing the deflection results of the reference
beams, the recycled aggregate concrete S2-R series

60

50

40 +

30

Force [kN]

+— series R

v+ series N
—&— series RH
—=— series H

3.00 4.00 5.00 6.00 7.00 800 9.00

deflection [mm]

Fig. 8. Diagrams of mean deflection values versus applied
load for full-scale beams of S3 series
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Fig. 9. Cracking of tested full-scale innovative beam with
HSC insert showing model of flexural failure

beams showed mean deflection (at loading force 55 kN)
about 15% larger compared to the beam S2-N made of
natural aggregate concrete. The S3-R Series beam (with
reinforcement ratio of 2.9%) at a force of 75 kN showed
nearly 11% greater deflection than S3-N beams.

The behavior of failure of tested innovative full-
scale S3 Series beam (S3-RH) is shown in Figure 9. It is
clearly visible that the flexural cracks cross the contact
surface between the insert HSC (pink layer) and recy-
cled aggregate concrete (white part of the beam) without
any slip.

The concrete compressive strains in the compressive
and tensile zone were simultaneously registered using in-
ductive sensors (see Fig. 10).

The mean concrete strains on the top compressive
fibers of the tested full-scale beams are presented in the
Table 4. The quantitative comparison of concrete com-
pressive strain values registered for the tested S2 Series
beams of presented in the Table 5 for the two levels of
loading forces: 30 kN and 40 kN.

The test results of tested beam deflections shown in
Figure 9 and the results of measured compressive con-
crete strains presented in the Tables 4 and 5 clearly show
the effectiveness of the use of strengthening HSC inserts,

Fig. 10. Registration of concrete strains using inductive sensors
for tested reference beam without strengthening insert, show-
ing the model of failure of reference beam made of RAC
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Table 4. The mean values of compressive concrete strains on
the top surface of tested full-scale beams of Series S3
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Table 6. Average values of applied critical load for the full-
scale beams of S-2 and S-3 Series

Mean values of concrete strains in top fibre

Applied of tested beams [%o]
load [kN]
S3-N S3-R S3-RH
0 0.00 0.00 0.00
0.24 0.21 0.06
10 0.35 0.31 0.12
15 0.42 0.43 0.15
20 0.53 0.56 0.19
25 0.69 0.72 0.24
30 0.83 0.86 0.28
35 0.95 1.04 0.33
40 1.09 1.19 0.37
45 1.26 1.36 0.41
50 1.41 1.41 0.48
55 1.58 1.78 0.52
60 1.76 1.97 0.56
65 1.97 2.23 0.61
70 2.21 2.49 0.65
75 2.51 2.79 0.70

Table 5. Qualitative comparison of concrete compressive
strains [%o] registered for tested full-scale S2 Series beams

Load 30 [kN] Load 40 [kN]
Strains [%o] and the | Strains [%o] and the
Beam Types differences differences

Beam S2-RH 0.58 0.81

0.74 0.73
Beam S2-N 0.78 1.11
Beam S2-RH 0,58 0,81

0.55 0.58
Beam S2-R 1.06 1.39
Beam S2-RH 0.58 0.81

1.18 1.27
Beam S2- H 0.49 0.64

reducing deflections and compressive strains and increas-
ing overall stiffness of the innovative beams, compared to
the R and N type reference beams.

The short time tests were conducted till the failure.
In the Table 6 the mean values of the critical loads for
tested S2 and S3 Series beams are presented. The results
clearly showed that the innovative S-RH type beams with
HSC inserts failed in flexure at significantly higher criti-
cal load, compared to the S-N reference beams (made
of natural aggregate concrete) and S-R beams (made of
RAC).

For example, the S3-RH beams revealed increase of
flexural capacity about 35% higher compared to the refer-
ence S3-R type beams fully made of RAC.

Mean values of critical loads were almost equal
or even a little higher than for the reference S-H Series
beams fully made of HSC.

Average values of critical load N [kN]

Beam

series N Type R Type RH Type H Type
S-2 Series 57.2 55.1 63.2 70.1
S-3 Series 82.25 777 104.6 98.4

As expected, the reference beams made of RAC
showed a little less flexural capacity than reference beams
made of natural aggregate concrete. The differences were
between 4% for the S-2 Series to 5.5% for the beam S-3.

2.3. Long term effects in the innovative beams

As part of the research the two reinforced concrete
beams (with the span of 3200 mm and cross-section of
120%200 mm) were prepared and tested as free support-
ed beams under long term load. The RH type beam was
made of recycled aggregate concrete with HSC insert
while the R type beam was made fully of RAC (Fig. 11).

Flexural reinforcement of the beams was made of
3016 bars (bottom) and 2010 bars (top) made of RB500
class of steel. The stirrups were made of plain bars with
the diameter of 6 mm.

The constant value of load equal to 40 kN (about
40% of critical load) was subjected in the form of two
concentrate forces located at one-third of beam span.
Long-term beam deflections and concrete strains at sev-
eral levels of beam sections were measured every day
during the period of 150 days.

The time dependent deflection diagrams for the two
tested beams are presented in Figure 12. It is clearly seen
that the deflections of reference beam fully made of recy-
cled aggregate concrete are visible larger during all the
time of loading in comparison with the beam with HSC in-
sert strengthening. The differences between deflections of
the two beams after 150 days of testing were about 31%.

3. FEM analysis of the innovative full scale beams

The non-linear FEM analysis was elaborated for the ex-
perimentally tested innovative full-scale (S3-RH type)

[

-

Fig. 11. The view of the test stand showing the method of
loading of beams: (1 — reinforced concrete beam, 2 — test stand,
3 — steel loading beam, 4 — loading basket, 5 — dynamometers)
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beam deflection [mm]

~ beam made of recycled aggregate concrete
— beam made of recycled aggregate concrete with HSC insert

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
At [days]

Fig. 12. Long-term deflections registered for the innovative
beam (grey line) and for reference beam (green line)

Fig. 13. Flexural reinforcement and the load for full scale
beam assumed in non-linear FEM analysis

beam with the strengthening HSC insert showed in Fig-
ure 13 (beam cross-section of 120x200 mm and flexural
bottom reinforcement 3¢16 mm).

For comparison the homogenous reference beams
(fully made of recycled aggregate concrete) have also
been analyzed. The FEM analyses simulated the four
point loading system were carried out using the DIANA
computer program, as an implementation of the Finite
Element Method. The model of beams was formulated
using 4-node finite elements with constant thickness
working in plan stress state.

The assumptions for non-linear behavior of concrete
were taken into account based on the Rankine/Drucker-
Prager model (Feenstra 1993). In the numerical tests the
commonly known Newton-Raphson algorithm assuming
5% increase of loading forces in 20 steps was used. The
critical load for the analyzed full-scale beams, equal to
160 kN, was assumed.

The material characteristics were assumed identical
as for experimentally tested full-scale beams of S3 Series
(see Table 3).

For the FEM analysis a four nodal finite elements
with the dimensions of 10x10 mm (total number of 6400
elements) were assumed in the plan state of stresses.

Reinforcing steel flexural bars of analyzed beams
were modelled by specialized REBAR type finite ele-
ments.

The maps of stresses in the concrete of two types
of analyzed beams are presented in Figure 14. The maps
illustrate the flattening of the stresses in the compres-
sion zone, which indicates a “runoff” of the compressive
stresses, depending of the type of analyzed beam.

A. Lapko, R. Grygo. Improving the structural behaviour RC precast concrete beams made of recycled aggregate concrete

It can be clearly seen that in the R type reference
beam fully made of recycled concrete (Fig. 14a) the com-
pressive stress field is distributed in the wide area of the
central beam sections, whereas the HSC insert of inno-
vative beam (Fig. 14b) limited the “runoff” of compres-
sive stresses in the thin area of the insert. At the inter-
face between HSC insert and RAC (see Fig. 14b) there
no visible concentrations of compressive stresses appear,
because the strengthening insert is fully located in the
compression zone.

Figure 15 represents diagrams of beam deflections
(vertical axis) versus load factor (horizontal axis) of the
two analyzed types of beams: innovative beam (RH type)
and homogeneous R type reference beam).

The p load factor indicates the ratio of applied actual
load to the critical load assumed in the FEM analyzes.

The diagrams of deflections clearly confirmed the
increased stiffness of innovative beams with the HSC in-
serts. For the load factor p = 0.5 the deflection of RH
type beam equals 17.5 mm and for the same factor the
deflection of R type reference beam equaled to 22.5 mm.
The difference is about 29%.

Almost the same results were obtained from the ex-
perimental tests conducted for full-scale beams, described
in Section 2.2.

The simulation of FEM behaviour of tested R type
beam (fully made of recycled aggregate concrete) showed
that this beam was destroyed under the P = 88 kN load,
whereas for the innovative RH beam (with the HSC in-
sert) the destructive load was equal to about 120 kN.

(@ R— |

(b)

+629 -265 -483 -722 -961
- - .- ‘
-126 -364 -60.3 -841 -108

Fig. 14. Nonlinear FEM analysis of full-scale beams — concrete
stress distribution [MPa]: a) for R type reference beams; b) for
innovative RH type beams (with HSC insert)

Load factor

deflection
1

— TYPE R

—— 1YPE RH

Fig. 15. Diagrams of deflections in the half span of analyzed
beams: reference beam (R type) and innovative beam (RH
type): vertical axis — beam deflections [mm], horizontal axis —
p load factor, as the ratio of actual load to assumed critical load)
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It means that the increase of the innovative beams
theoretical flexural capacity was about 36%, compared to
the homogenous reference beam (R type) fully made of
recycled aggregate concrete.

It means that the increase of theoretical flexural ca-
pacity for the innovative beam was about to 36%, com-
pared to the homogenous reference beam (R type) fully
made of recycled aggregate concrete.

Additional FEM simulation using the DIANA com-
puter Program for long term loads were performed for the
innovative RH type beam (shown in Fig. 13), taking into
account the effects of creep and shrinkage in the period
of 150 days. In this analysis it was assumed that constant
load level equal to 40 kN (about 40% of critical load).
The same FEM analysis was also performed for the R
type reference beam (fully made of recycled aggregate
concrete).

This analysis proved it was found that the long term
phenomena in concrete for the innovative beams in-
creased the concrete strains and deflections, however the
increment ratio was similar compared to the reference
beam made of RAC without reinforced HSC inserts.

Conclusions

1. The results of experimental tests for the model and
full-scale RC beams as well as FEM analyses clearly
shows the positive effects of the strengthening of the
beams made of RAC with the HSC insert compared
to homogenous reference beams fully made of re-
cycled aggregate concrete or made of concrete with
natural aggregate of similar class.

2. In the analyzed cases the flexural capacities for in-
novative beams with HSC inserts compared to the
homogenous reference beams was larger by 20%
to 36%. This effect was greater for the beams with
larger flexural reinforcement ratio.

3. The use of HSC inserts in the compressive zone
of RC beams made of RAC significantly increased
flexural stiffness influencing strains, deflections and
the width of cracks. The innovative beams made of
RAC strengthened by the use of HSC inserts re-
vealed lesser deflections in the range of 20-40%
and concrete compressive strains in the range of
50% compared to the reference beams fully made
of RAC.

4. The studies confirmed the effectiveness of the pro-
posed concept of strengthening of RC precast con-
crete members made of recycled aggregate concrete
with the strengthening HSC inserts, located in the
most stressed compression zone.
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