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Technology and Economics, Műegyetem rkp. 3, 1111 Budapest, Hungary; gyurko.zoltan@emk.bme.hu

3 Department of Polymer Engineering, Budapest University of Technology and Economics,
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Abstract: The topic of present research is the experimental investigation of pull-out resistance of
B500B-type ribbed reinforcing steel bars embedded in lightweight aggregate concrete (LWAC) under
unidirectional cyclic loading. Only a limited amount of standardized data on bond strengths are
available in the case of cyclic loading, especially for lightweight aggregate concrete. This paper
deals with the experimental comparison of bond behavior of steel bars embedded in LWAC with
expanded clay (Liapor) aggregate and normal weight aggregate concrete (NWAC) specimens by
means of standard (non-cyclic) and cyclic pull-out tests. The LWAC and NWAC specimen’s mixes
were identical except for the type of the coarse aggregate. It was found that the bond strength
determined by non-cyclic pull-out tests showed a higher standard deviation compared to that for
compression and splitting tensile strength tests. The shape of the characteristic bond strength–the slip
curve was similar in the case of LWAC and NWAC and the failure mode was the same for both types
of aggregate. Moreover, the maximum value of bond stress was identical for LWAC and NWAC and
also no significant difference was found in the low cycle number fatigue. Both mixes were able to
resist the maximum pull-out force multiple times in the case of cyclic loading because there was no
time for the development of cracks.

Keywords: pull-out test; cyclic loading; lightweight aggregate; expanded clay; model code 2010

1. Introduction

The efficiency of structural concrete can significantly be improved by either reducing
the self-weight or using prestressing [1]. The simplest way to decrease the self-weight of
concrete is to change the normal weight aggregate to lightweight aggregate (tuff, expanded
clay, etc.). Lightweight aggregates are widely used for non-structural purposes due to their
advantageous thermal properties [2,3]; however, structural applications of lightweight
aggregate concrete come to the front for self-weight dominant structures, in case of which
the contribution of self-weight in the total action effect exceeds 50–60%. The combination of
high-strength lightweight aggregate concrete (>LWAC50/55) with prestressing is a perspec-
tive area in the field of high-capacity prefabricated (bridge) girders that may open the door
for structural lightweight aggregate concretes towards their application in industrial scale.
Nowadays, the most frequently used lightweight aggregate is the expanded clay produced
in the form of round-shaped particles by heating the clay to 1200 ◦C in a rotary kiln [4].

How to use lightweight aggregate appropriately in structural concrete is one of the
hottest topics in the field of concrete technology, especially when trying to avoid early age
cracking [5]. However, from a structural point of view, a basic problem arises as follows:
if the properties of lightweight aggregate concrete (LWAC) significantly differ from those
of normal weight aggregate concrete (NWAC) then the uniformity of the bond behavior
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around steel embedded in LWAC and NWAC becomes questionable. The bonds ensure
strain compatibility, thus, its characteristics and capacity are crucial from the point of view
of the composite action between steel and concrete [6]. The bond strength of concrete is
measured in a standardized way by pull-out tests, during which the embedded bar is
pulled out of a concrete sample meanwhile the pull-out force and the relative displacement
of the steel bar is measured [7].

Based on wide research in this field, the main influencing parameters of the bond
between steel reinforcing bars and NWAC are as follows:

• Compressive and tensile strength of concrete [8,9];
• The position of the embedded reinforcing bar relative to the direction of the casting of

concrete [8];
• The stress state of concrete around the steel bar [10];
• The amount of transverse reinforcement [11];
• The loading rate [12];
• The type and specific weight of lightweight aggregate [13];
• The characteristics of cyclic loading (amplitude, number of loading cycles, etc.) [14];
• Furthermore, by the intensity of steel corrosion, maximum aggregate size, material of

fibers (steel or plastic), temperature etc. [6,15,16].

The effect of cyclic loading on bonds in normal strength (<C50/60) NWAC was first
experimentally investigated by Sinha et al. and others [15,17–19]. They pointed out that
plain (unreinforced) concrete behaved like a brittle, non-homogeneous material and was
very sensitive to fatigue loading [20,21]. The application of fibers efficiently helped decrease
the brittleness of concrete [22]. Reinforcement could also significantly decrease brittleness
if a sufficient bond between the steel and the concrete developed. Lin and Zhao [23]
demonstrated that bond behavior under cyclic loading could be well characterized by the
progressive increase in residual slip, especially at increased load levels.

The effect of cyclic loading on bonds in steel fiber-reinforced LWAC was first studied
by Caratelli et al. [24]. They concluded that the character of bond behavior under cyclic
load between the fibers and LWAC was similar to that experienced earlier between steel
reinforcing bars and NWAC.

This paper focuses particularly on the effect of the expanded clay (Liapor) used as 4/8
fraction coarse aggregate in LWAC on bonds between LWAC and embedded reinforcing
steel rebars under cyclic load in comparison with that in the case of NWAC manufactured
with usual 4/8 fraction quartz gravel (normal weight) coarse aggregate. Owing to the
lower compressive strength of lightweight aggregate compared to normal weight aggregate,
lightweight aggregate is expected to be the potential origin of structural degradation under
cyclic load that may adversely affect the bonds between concrete and steel. To justify this
phenomenon, standard NWAC and LWAC specimens were manufactured and subjected
to standard (non-cyclic) and cyclic pull-out tests. Section 2.2 introduces the performed
test program.

1.1. Effect of Lightweight Aggregate on Bond Strength

One topic that divides the researchers is the effect of lightweight aggregate on bond
strength for concretes of identical compressive strengths. ManysuchasMartinorBogas et al. [9,25]
pointed out that concrete with lightweight aggregate may result in a similar or even a
higher bond strength than that for concrete with normal weight aggregate; meanwhile,
a significantly lower bond strength was found for LWAC than for NWAC in other re-
search [26]. The experiments by Kovács and Nemes [1] demonstrated that bond strength in
NWAC remained higher than that in LWAC, even if the compressive strengths of NWAC
and LWAC were identical. In Figure 1, a comparison of compressive strengths resulted
from different mixes used in [1] is seen, where Mix E refers to a high-strength NWAC while
Mix L7 and L8 refer to different LWAC mixes. The applied mixes used for the NWAC
and LWAC differed only in the 4/8 fraction coarse aggregate component. The lightweight
aggregates used for Mix L7 and L8 differed in both strength and their site of origin. Liapor
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HD 7N type 4/8 expanded clay pebble fraction was used to produce (usual) structural
LWAC (Mix L7, flcm,cube = 63.4 MPa, 1800 kg/m3) and Liapor 8F type 4/8 expanded clay
pebble fraction was used to produce high-strength LWAC (Mix L8, flcm,cube = 86.5 MPa,
1950 kg/m3). Usual quartz gravel was used as an aggregate to the reference high-strength
NWAC (Mix E, fcm,cube = 85.2 MPa, 2650 kg/m3).

Solids 2022, 3, FOR PEER REVIEW 3 
 

 

NWAC while Mix L7 and L8 refer to different LWAC mixes. The applied mixes used for 

the NWAC and LWAC differed only in the 4/8 fraction coarse aggregate component. The 

lightweight aggregates used for Mix L7 and L8 differed in both strength and their site of 

origin. Liapor HD 7N type 4/8 expanded clay pebble fraction was used to produce (usual) 

structural LWAC (Mix L7, flcm,cube = 63.4 MPa, 1800 kg/m3) and Liapor 8F type 4/8 expanded 

clay pebble fraction was used to produce high-strength LWAC (Mix L8, flcm,cube = 86.5 MPa, 

1950 kg/m3). Usual quartz gravel was used as an aggregate to the reference high-strength 

NWAC (Mix E, fcm,cube = 85.2 MPa, 2650 kg/m3). 

 

Figure 1. Compressive strength as function of concrete age (LWAC: Mix L7 and L8; NWAC: Mix E). 

Similar to Figure 1, in Figure 2 the bond strength determined by a standard pull-out 

test using identical ribbed reinforcing steel rebars of 8 mm diameter is plotted as a func-

tion of concrete age. It was well apparent from Figure 2 that the significant difference in 

compressive strength between the two LWACs shown in Figure 1 could not be observed 

in bond strength. 

 

Figure 2. Bond strength as function of concrete age (LWAC: Mix L7 and L8; NWAC: Mix E). 

Referring to the excessive standard deviation in bond strength experienced for 

LWAC in many pieces of research, the ACI Committee [27] recommends to reduce the 

bond strength considered for LWAC to 65% of the bond strength belonging to NWAC of 

an identical compressive strength class. 

1.2. Effect of Cyclic Loading on Bond Strength 

Another influencing factor on bond strength is the effect of cyclic loading. This factor 

comes to light for bridges and offshore structures, for which the number of load cycles of 

Figure 1. Compressive strength as function of concrete age (LWAC: Mix L7 and L8; NWAC: Mix E).

Similar to Figure 1, in Figure 2 the bond strength determined by a standard pull-
out test using identical ribbed reinforcing steel rebars of ∅8 mm diameter is plotted as a
function of concrete age. It was well apparent from Figure 2 that the significant difference
in compressive strength between the two LWACs shown in Figure 1 could not be observed
in bond strength.
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Referring to the excessive standard deviation in bond strength experienced for LWAC
in many pieces of research, the ACI Committee [27] recommends to reduce the bond
strength considered for LWAC to 65% of the bond strength belonging to NWAC of an
identical compressive strength class.

1.2. Effect of Cyclic Loading on Bond Strength

Another influencing factor on bond strength is the effect of cyclic loading. This factor
comes to light for bridges and offshore structures, for which the number of load cycles of
low or moderate amplitude is excessive because of either the frequently changing stress
level or the extended design working life (to 100 years); both may lead to potential fatigue-
type failure under service load (high-cycle load), and becomes extremely important for
earthquakes [28,29] when a typically low number of load cycles with extreme magnitudes
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occur (low-cycle load). In this study, the applied number of load cycles was determined
in such a way that the standard shape of the enveloping curve of the cyclic loading’s
bond stress–slip diagram would develop and the maximum point would be observable in
each case.

Fatigue problems in civil engineering are generally evaluated by the Palmgren–Miner
rule that linearly sums damage caused by each load level according to the following formula:

D = ∑i
nSi

NRi
≤ 1.0 (1)

where:

D Sum of fatigue damage;
nSi Number of load cycles belonging to the i-th stress (load) level;
NRi Number of load cycles belonging to the i-th stress (load) level and resulting in failure;

Fatigue failure occurs when D becomes equal to 1 [30].
Fatigue of bonded contact between steel and concrete is a potential failure mode of

reinforced concrete that can be well analyzed by pull-out tests using the standardized
arrangement and applying a cyclic load instead of the standard monotonic one. The cyclic
load history is typically defined by the direction (constant direction or alternating) and
the magnitude (constant during limited period or continuously changing according to
predefined rule) of the load [31]. The effect of these cyclic load parameters on the bonds
were thoroughly studied by Rehm, Eligehausen, and Balázs [31–34].

2. Materials and Methods

This section introduces the pull-out tests performed to analyze the effect of cyclic load
on bonds between LWAC and ribbed steel rebars as indicated in Section 1.

2.1. Pull-Out Test Setup

The behavior of bonded interface between concrete and embedded steel can be well
tested by pull-out setups. Recent test methods according to literature and the relevant
standards are based on this arrangement. During the pull-out tests, the focus is on the
determination of bond stress (τb) as a function of slip (i.e., the bond stress–slip (τb-s) curve).
Slip (s) is interpreted as sum of specific strain differences between the steel bar (εsx) and
the concrete (εcx) along the length of the considered bonded contact (bonded length, lb)
as follows:

s =
∫ lb

0
(εsx − εcx)dx (2)

Note that both bond stress and the above specific strains (εsx and εcx) contributing in
slip are related to particular points of the bonded interface, thus considered as “local” bond
parameters. Because they are necessarily varying along the length of the bonded contact
over which bond forces are transmitted from steel to concrete, their measurability and as-
sumptions related to the evaluation of test results are deciding factors when distinguishing
between the applicability of different test setups.

The evolution of pull-out setups to test bond on ribbed steel rebars are seen in Figure 3.
The latter concrete cube specimen shown in Figure 3c is recommended commonly by the
RILEM/CEB/FIP [30,35] on the basis of wide research in this field and also included in EN
10,080 [36] for simple bond tests of ribbed reinforcing steel bars. For this arrangement, a
relatively short bonded length equal to 5∅ (where ∅ is the bar diameter) is applied and, in
accordance with that, a constant bond stress is assumed along it. This bonded length was
determined allowing for limiting effects from two directions. For longer bonded lengths,
on one hand, the difference in the above local bond parameters along the bonded length
increases significantly, thus, the assumption of constant bond stress cannot be kept. On the
other hand, splitting of concrete along the steel–concrete interface instead of the expected
bond failure would become dominant, especially for low concrete strengths. For shorter
bonded lengths, the standard deviation of test results becomes unacceptably high. The
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remaining part of the embedded bar section remains unbonded by placing plastic or rubber
tube around this section before casting the specimen. To avoid local (conical) shear failure
of concrete around the bar on the loaded surface, the bonded length is positioned toward
the unloaded surface of the specimen. The size of the cube shall be limited as a minimum
of 10 to prevent splitting failure of concrete due to excessive lateral tension. The bar is
tensioned in one end of the bar (loaded end).
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Figure 3. Setups for pull-out bond test. (a) Test for bond in tension. (b) Test for bond under transverse
pressure. (c) Standardized pull-out test for bond.

An alternative arrangement in EN 10,080 [36] for testing bonds between embedded
steel and concrete is the beam test. In case of this arrangement, the two halves of a simple
beam under flexure are connected by a rebar in the tension zone and by an artificial hinge
in the compression zone. The advantage of this test against the above pull-out test is that
bond conditions on the tested rebar are more similar to reality owing to the position of
rebar close to the concrete surface and to the confining effect of the applied reinforcement
in the specimen. However, its repeatability is more difficult because of the more complex
arrangement compared to the pull-out test.

Considering the test setup according to Figure 3c, the bond stress (τb) assumed to be
constant along the full bonded length (lb) as function of the measured tension force (F) is
calculated as follows:

τb(s) =
F(s)
π ∅ lb

(3)

The relative displacement between the unloaded end of the bar and the related concrete
surface normal to it is directly measured during the test and assumed as equal to the slip
(s) value according to Equation (2). Having the τb–s relationship, the bond strength (τbu)
is represented as the maximum value of bond stress. The slip belonging to τbu is used
to characterize the ductility of the bonded contact and depends primarily on the surface
characteristics of the embedded bar. The main advantage of this test (against other bond
tests) is its simplicity that is attributed mainly to the assumption of constant bond stress
along the bonded length.

The applicability of the assumption of constant bond stress along the full bonded
length has been investigated by other researchers. The non-uniform character of the
distribution of τb along lb becomes obvious when the relative displacement between the
bar and the related concrete surface is measured also on the loaded end of the bar and
differs from that measured in parallel way on the unloaded end. It was found by [37] that
this effect is significant only for larger diameters (∅ > 25 mm).
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For this research, a test setup, similar to that shown in Figure 3c but with 150 mm
size cubes and parallel relative displacement measurements on both the loaded and the
unloaded side of the bar, was applied.

The cyclic load history was chosen according to Figure 4 that shows µ, the applied
force relative to the maximum applicable load (that was associated with bond strength and
had been determined previously by standard (non-cyclic) pull-out test) as a function of the
number of load cycles. Using this load history:

• The duration of test decreases compared to standard cyclic tests using monotonic
cyclic load with µ = 0.5–0.6;

• The increment in slip as well as in dissipated energy can be well measured and
evaluated at different load levels.
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This gradually increasing cyclic load, which was first introduced by Shih-Ho Chao [38],
guaranteed the failure of the specimen after a limited number of cycles (low-cycle load)
and consumed limited time for the test.

2.2. Test Program

When testing any parameters of LWAC specimens, NWAC specimens with identical
sizes and curing process (storage of specimens in laboratory conditions) were prepared
and used for comparison purposes. Before performing the bond test for both the LWAC
and the NWAC specimens, standard compression and splitting tensile strength tests have
been carried out according to [39,40]. Each strength and bond test has been carried out on a
minimum of three specimens as shown in Table 1.

Table 1. Number of test specimens.

Pull-Out Tests Strength Tests

Standard Loading Cyclic Loading Compression
Strength

Splitting Tensile
Strength

Lightweight (LWAC) 3 3 4 3
Normal weight (NWAC) 3 3 5 3

Total 12 9 6



Solids 2022, 3 403

In order to test the effect of lightweight aggregate on bond, identical mixes in terms
of the type and amount of cement, water, and fine aggregate (0/4 fraction—Quartz sand)
except for the type of coarse aggregate (4/16 fraction in case of NWAC, 4/8 fraction in case
of LWAC) were used to produce the LWAC and the NWAC specimens (see Section 2.3).
Normal quartz gravel for NWAC and expanded clay (Liapor HD 5n) for LWAC was
selected as coarse aggregate. A usual ∅ = 8 mm diameter, B500B-type reinforcing steel
bar of ribbed surface was concentrically embedded in all bond test cube specimens of
150 × 150 × 150 mm size. Based on the above recommendations, the applied bond length
was selected to 5 times the bar diameter (lb = 5∅ = 40 mm).

The pull-out test was performed by a Zwick/Roell Z400 testing machine using a
loading rate of 0.005 mm/s. The relative displacements at both the loaded and the unloaded
end of the bar were measured by a pair of inductive transducers with a measurement range
of 20 mm fixed symmetrically to the bar (as shown in Figures 5 and 6). To eliminate the effect
due to incidental rotation of the bar relative to the concrete surface from the displacement
measurements during loading, the two relative displacement values measured by the two
transducers of one pair were averaged and considered as either loaded-end or unloaded-
end slip. Using this arrangement of inductive transducers at the loaded end, the measured
slip also included the elastic bar elongation developed along the bar section between the
end of the bonded length and the fixation point of the transducers. This elongation has
been subtracted from the measured slip.

Solids 2022, 3, FOR PEER REVIEW 7 
 

 

of ribbed surface was concentrically embedded in all bond test cube specimens of 150 × 

150 × 150 mm size. Based on the above recommendations, the applied bond length was 

selected to 5 times the bar diameter (lb = 5Ø = 40 mm). 

Table 1. Number of test specimens. 

 
Pull-Out Tests Strength Tests 

Standard 

Loading 

Cyclic 

Loading 

Compression 

Strength 

Splitting Tensile 

Strength 

Lightweight (LWAC) 3 3 4 3 

Normal weight (NWAC) 3 3 5 3 

Total 12 9 6 

The pull-out test was performed by a Zwick/Roell Z400 testing machine using a load-

ing rate of 0.005 mm/s. The relative displacements at both the loaded and the unloaded 

end of the bar were measured by a pair of inductive transducers with a measurement 

range of 20 mm fixed symmetrically to the bar (as shown in Figures 5 and 6). To eliminate 

the effect due to incidental rotation of the bar relative to the concrete surface from the 

displacement measurements during loading, the two relative displacement values meas-

ured by the two transducers of one pair were averaged and considered as either loaded-

end or unloaded-end slip. Using this arrangement of inductive transducers at the loaded 

end, the measured slip also included the elastic bar elongation developed along the bar 

section between the end of the bonded length and the fixation point of the transducers. 

This elongation has been subtracted from the measured slip. 

 

Figure 5. Pull-out test at the laboratory of BME Department of Structural Engineering. Figure 5. Pull-out test at the laboratory of BME Department of Structural Engineering.

2.3. Concrete Mixes

Both mixes contained 360 kg/m3 CEM II/A–S 42.5 R-type cement. The water-to-
cement (v/c) ratio was chosen to be 0.5. The volume ratio of coarse aggregate to the total
amount of aggregate was designed to 45% for both the NWAC and the LWAC mix. The
final compositions are found in Table 2.
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Figure 6. Scheme of the pull-out test (values in mm).

Table 2. Composition of (1 m3) mixes.

Components Normal Weight Concrete (NWAC) Mix Lightweight Concrete (LWAC) Mix
(kg) (kg)

Cement (CEM II/A-S 42.5 R) 360 360
Water (v/c = 0.5) 180 180

Coarse aggregate: Quartz gravel
(NWAC: 4/16 mm fraction) or Liapor

HD 5n (LWAC: 4/8 mm fraction)
1193 450

Fine aggregate: Quartz sand
(0/4 mm fraction) 646 646

3. Results and Discussion
3.1. Compressive and Splitting-Tensile Strength

The compressive strength of the specimens was tested by applying an 11.25 kN/s
(quasi-static) loading rate. The results are found in Tables 3 and 4. The average compressive
strength of LWAC was obtained as 41.09 N/mm2, approximately 20% lower than that of
the reference mix (51.19 N/mm2). In parallel to that, the splitting tensile strength of LWAC
occurred 30% lower than that of NWAC (meanwhile, the mass reduction of LWAC due to
the use of lightweight aggregate was about 25%).

Table 3. Compressive and splitting tensile strength of lightweight concrete.

Lightweight Concrete
Compressive Strength Splitting Tensile Strength

Specimen Density Max. Force Strength Specimen Density Max. Force Strength
(kg/m3) (kN) (N/mm2) (kg/m3) (kN) (N/mm2)

LWAC1 JL-K-11 1783 957 42.03 JL-KH-11 1735 186 2.62
LWAC2 JL-K-12 1736 927 41.09 JL-KH-12 1741 193 2.72
LWAC3 JL-K-22 1782 950 41.83 JL-KH-22 1756 170 2.40
LWAC4 JL-K-21 1779 903 39.40 - - - -
Average 1770 41.09 1744 2.58
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Table 4. Compressive and splitting tensile strength of normal weight concrete.

Normal Weight Concrete
Compressive Strength Splitting Tensile Strength

Specimen Density Max. Force Strength Specimen Density Max. Force Strength
(kg/m3) (kN) (N/mm2) (kg/m3) (kN) (N/mm2)

NWAC1 JL-N-11 2383 1176 52.06 JL-NH-11 2363 263 3.68
NWAC2 JL-N-12 2364 1219 53.29 JL-NH-21 2379 246 3.47
NWAC3 JL-N-21 2350 1075 47.49 JL-NH-22 2355 266 3.73
NWAC4 JL-N-22 2354 1075 47.75 - - - -
NWAC5 JL-N-23 2333 1266 55.34 - - - -
Average 2357 51.19 2366 3.63

3.2. Standard Pull-Out Test
3.2.1. Standard Pull-Out Test of Lightweight Concrete

During these tests, the pull-out force (F) was measured in parallel with the correspond-
ing slips on the loaded (s1) and unloaded (s2) ends of the rebar, as detailed in Section 2.1.
Three tests on identical specimens were performed, whose results are seen in Figure 7.
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Figure 7. Standard pull-out test results for lightweight concrete (Pull-out force (F)–slip (s) curve).

As shown in Figure 7, the behaviours of the three specimens were very similar;
however, quite large differences occurred between the maximum forces. This latter point
can be explained by the short (only 40 mm long) bonded length relative to the applied
particle size. Any heterogeneity along this bonded length due, for instance, to the presence
of air-bubbles or the inadequate mixing of large particles may reduce the bond significantly.
The last part of the curves in Figure 7 indicates a residual force corresponding to 25–30% of
the maximum force that remains active (without significant reduction) in the domain of
large (4–7 mm) slip.

The difference between the loaded and unloaded surfaces can be explained by the
non-uniform stress distribution and by cracks developing during the test. Based on the
results, the bond stress (τb) can be calculated based on Equation (3).

Figure 8 shows the relation of the bond stress and slip in case of the lightweight
concrete calculated based on the above equation. The characteristics of the diagram are
similar to the previous one. It is interesting to see that the length of the plateau of the
maximal stresses is inversely proportional to the value of the maximum stress. Meaning,
that the higher maximum stress belongs shorter plateau.
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Figure 8. Bond stress–slip diagram of lightweight concrete.

The results of the pull-out test can be seen in tabular form in Table 5.

Table 5. Bond stress of lightweight concrete.

Lightweight Concrete Slip (At Max. Force) Max. Force Bond Stress
(mm) (N) (N/mm2)

1. Specimen 0.547 15,010 14.93
2. Specimen 0.570 20,149 20.04
3. Specimen 0.919 16,402 16.32

Average 17,187 17.10
Standard deviation 2170 2.16

3.2.2. Standard Pull-Out Test of Normal Concrete

Figure 9 shows, that in case of NWAC, the resulting curves have very similar shapes
to each other as it was in case of the lightweight concrete. The initial displacements were
negligible and the initial slope of the curves is steeper than it was in case of LWAC. The
reason for the steeper initial slope curve is that the modulus of elasticity of NWAC is larger
than that of LWAC [41]. The maximum force has a large standard deviation similarly to the
LWAC. The plateau belonging to the residual forces can be observed in the case of the 1.
and 3. specimens, but in the case of the 2. it was not so distinctive.
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Based on the previously mentioned calculation, the bond stresses were calculated. The
results can be seen in Figure 10 and Table 6.
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Table 6. Bond stress of NWAC.

Normal Concrete
Slip (At Max. Force) Max. Force Bond Stress

(mm) (N) (N/mm2)

1. Specimen 0.737 26,087 25.95
2. Specimen 0.673 21,969 21.85
3. Specimen 0.680 18,173 18.08

Average 22,076 21.96
Standard deviation 3232 3.21

The low values of the 3. specimen can be explained by the failure of the protective
tube, which occurred during the form working.

Based on Table 6 the standard deviation of the results is quite high.

3.3. Comparison of the Normal and Lightweight Concrete Standard Pull-Out Tests

If the results of the NWAC and LWAC pull-out test are plotted in one figure, the
following observations can be drawn (Figure 11):

• The phenomenon is similar in both cases;
• The bond strength of NWAC is higher (in average about 5 N/mm2);
• The maximum slip of the unloaded surface (s2) is in the range of 0.5–1.0 mm for

both concretes;
• The initial slope of the figure is higher in case of the normal concrete;
• The residual stresses are in the range of 5–10 N/mm2 for both concretes.
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Based on the tabular results, presented in Table 7, it can be seen that:

• The compressive strength is 20% lower in case of LWAC;
• The tensile strength of LWAC is 71% of the tensile strength of NWAC;
• The bond strength of LWAC is 22% lower compared to NWAC;
• The NWAC shows larger standard deviations in case of compressive strength and

bond strength–
• The ratio of the bond strength in LWAC and in NWAC (77.87%) is between the values

corresponding to the compressive (80.27%) and tensile (71.09%) strength. The bond
strength is considered in the literature to be proportional to the tensile strength. The
experiments show a higher ratio in case of bond strength (than in case of tensile
strength) that can be explained by the different contact zone between the steel and the
aggregates of normal and lightweight concrete.

Table 7. Strengths of normal and lightweight concrete.

Type of Concrete Statistical Data
Compressive Strength Splitting-Tensile Strength Bond Strength

(N/mm2) (N/mm2) (N/mm2)

Lightweight Average 41.09 2.58 17.10
Std. deviation 1.04 0.21 2.16

Normal
Average 51.19 3.63 21.96

Std. deviation 3.10 0.18 3.21
Lightweight compared to normal weight concrete (%)

(%) Average 80.27 71.09 77.87
Std. deviation 33.48 120.38 67.29

3.4. Cyclic Pull-Out Test
3.4.1. Cyclic Pull-Out Test of LWAC

Cyclic loading was applied as a proportion of the maximal loading capacity (50%,
60%, 80%, 90%, and 100%) then (when the highest bond stress was measured) the 92.5%
and 100% of the maximum load was applied on the specimens. To do that the relative
displacements were monitored in every cycle.

The effect of cyclic loading can be seen on Figure 12.
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From the measured forces and slips the bond stress can be calculated based on the
equation detailed in Section 2.1.

In Figures 12 and 13, it can be seen that:

• The enveloping curve of the cyclic loading is similar to the standard pull-out test,
but in the maximal load bearing capacity significant differences were observed. As a
conclusion it can be stated that the force–slip curve of the cyclic loading always stays
inside the figure of the standard pull-out test;

• At the unloaded surface under a given load level, no displacement was observable;
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• It can be seen that always the first cycle of the given load level produces the largest
displacement. After the first cycle at a given load level, the slips in every cycle (at a
given load level) are similar to each other;

• The descending part of the cyclic loading curve is similar to the curve of the standard loading.
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3.4.2. Cyclic Pull-Out Test of NWAC

The loading history of normal weight concrete was identical to the lightweight con-
crete’s loading history. The average maximum load bearing capacity (the value belonging
to the 100% loading) was 26,000 N in the case of NWAC.

The results of the test are shown in Figures 14 and 15; thus, the differences and
similarities between the two loading scenarios can be identified:

• The curve of the standard pull-out test envelopes the curve of the cyclic loading. In
case of NWAC the standard bond stress–slip curve also envelopes the curve of the
cyclic loading;

• It can be seen that the specimen can resist the maximum 26,000 N loading multiple
times without failure. It is due to the short time period of this loading that there is
not enough time for the development of microcracks. It can lead us to the conclusion
that the number of cycles is a function of the loading rate. If one decreases the loading
rate, the number of cycles (necessary for the failure) decreases in case of the same type
of concrete;

• It can be seen that always the first cycle of the given load level produces the largest
displacement. After the first cycle, the cycles in a given load level always become
smaller and smaller. This is true only until the maximum bond stress is reached, after
that, the first slip of the given load level is the smallest;

• The slip belonging to the maximum bond stress is shifting;
• The residual bond stress and the descending part of the figures (standard and cyclic)

are not affected by the loading scenario, they are similar to each other;
• The slope of the (re)loading is always the same independently of the load level;
• The cyclic pull-out test causes plastic displacements (in case of NWAC and LWAC

as well).
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Similarly to the previous section, the bond stress is calculated based on the equation
detailed in Section 2.1.

3.4.3. Comparison of the Results

It is a difficult task to compare concretes composed of different aggregates. The
NWAC produced higher strength values (as it was expected) and it performed better in
the pull-out tests as well. It indicates a correlation between the strength of the material
and the bond strength, which was found in the literature as well [10]. It was found that
for normal strength concretes (≤C60), the bond strength of ribbed rebars in normal weight
aggregate concrete or lightweight aggregate concrete is proportional to the square root of
the compressive strength of concrete. If one would like to investigate this phenomenon
more properly for different types of concretes, then it is useful to normalize the bond stress
values with the compressive strength of the material (τ.bu/f.cm). The compressive strength



Solids 2022, 3 411

was chosen based on literature recommendation (this is the value based on which the
concretes are distinguished in standards, such as C25/30).

Standard pull-out tests:
As a first step, some special characteristic points were chosen from the bond stress–slip

diagram and then the specific value of these points was calculated, as it can be seen in
Table 8.

Table 8. Bond strength and slip of NWAC and LWAC.

Type of Concrete f.cm
1. Specimen 2. Specimen 3. Specimen Average

s2 τ.bu/f.cm s2 τ.bu/f.cm s2 τ.bu/f.cm s2 τ.bu/f.cm
(N/mm2) (mm) (-) (mm) (-) (mm) (-) (mm) (-)

NWAC 51.19

0.061 0.25 0.106 0.21 0.047 0.18 0.072 0.21
0.737 0.51 0.673 0.43 0.680 0.35 0.697 0.43
3.939 0.25 3.349 0.21 2.788 0.18 3.359 0.21
4.500 0.23 4.500 0.17 4.500 0.07 4.500 0.16

LWAC 41.09

0.189 0.18 0.147 0.24 0.129 0.20 0.155 0.21
0.547 0.36 0.570 0.49 0.919 0.40 0.679 0.41
3.379 0.18 2.714 0.24 3.021 0.20 3.038 0.21
4.500 0.14 4.500 0.14 4.500 0.11 4.500 0.13

The chosen points were the following:

• The maximum bond stress;
• Fifty percent of the maximum stress on the ascending and the descending part of

the curve;
• The stress belonging to the 4.5 mm slip value to represent the residual stress. (The

value of the slip was chosen arbitrarily based on the figures.)

The points are plotted into Figure 16 too.
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Figure 16. Bond strength ratio of normal- and lightweight concrete (discrete values) and their average curves.

Based on Table 8 and Figure 16, the following observations can be drawn:

• The discrete values show larger standard deviations in case of NWAC;
• The initial slope of the figure is less steep in the case of the LWAC;
• The average curve of the NWAC always envelops the curve of the lightweight concrete.

It means that the energy absorption capacity of the NWAC is higher; however, the
difference between the two curves is quite small.

• The difference of normal and lightweight concrete in maximum stress is less than 3%;
• At the ascending part of the curves, it can be observed that the lightweight con-

crete needs higher displacements to reach the same stress level as the normal weight
concrete, which can cause difficulties in case of design for serviceability.

Cyclic pull-out tests:
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To compare the cyclic pull-out tests of NWAC and LWAC, the Balázs principle [34]
was used. The principle states that the damage is linear until the maximum point of the
enveloping curve. Based on the literature, the maximum number of cycles can be approx-
imated, which belongs to this maximum point. Thus, the upper limit is a displacement;
however, the lower limit of the linear damage can be determined by looking at the figure
and finding the number of cycles where the displacements look to be the same. It can be
seen in Figure 17.
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Figure 17. Slips belonging to the given cycles in case of LWAC.

It can be seen in Figure 17 that the higher the loading the steeper the slope of the lines,
as it was already observed on the bond stress–slip diagrams. The parameters (a and b) of
the lines can be collected into Table 9.

Table 9. Parameters of the lines and the approximated number of cycles in case of LWAC.

yend 0.679 [mm]

Load History Parameters Number of Cycles Bond Strength/Compressive
Strength Ratioa b Calculated Rounding (to Bottom)

(N) (-) (mm) (-) (-) (-)

8594 - - - - 0.43
11,172 - - - - 0.56
13,750 0.0067 0.1545 78.27 78 0.69
15,468 0.0073 0.209 64.37 64 0.77
17,187 0.0081 0.2751 49.85 49 0.86
18,500 0.0091 0.3717 33.76 33 0.93
20,000 0.0436 0.5532 2.88 2 1.00

Based on Table 9, the proportion of the bond strength and the number of cycles can
be determined, based on which the fatigue curve can be obtained. In the case of the cyclic
pull-out test, the bond strength was specified with the maximum value of the bond strength.
It did not cause a major difference in the results.

The fatigue diagram belonging to the small number of cycles can be seen in Figure 18.
In Figure 18, it can be seen that with the increase in the specific bond stress, the number

of cycles (that can be reached) is decreasing linearly. A linear line can be fit to the data with
a high coefficient of determination (R2 = 0.9813 for LWAC and R2 = 0.9945 for NWAC).

A similar approach can be performed on the NWAC results as well. If one plots the
bond stress ratio vs. the number of cycles of normal- and lightweight concrete, Figure 18
can be obtained.

Based on Figure 18 it can be observed that the difference between the NWAC and
LWAC is very small on average; however, it is important to note that to draw clear conclu-
sions a larger cycle number would be necessary.
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4. Conclusions

The present project is dealing with the valuation of results of standard pull-out static
and cyclic bond tests completed on ordinary ribbed reinforcing steel bars embedded in two
types of concrete: one with a lightweight aggregate and another with a normal aggregate,
used as reference. The only difference between the two mixes is the type of the coarse
aggregate. Compressive strength, splitting-tensile strength, and (standard and cyclic)
pull-out tests were performed on the samples, casted from the two types of concrete.

For the pull-out tests, cube specimens with a 150 mm edge length were produced, in
which a ∅8 ribbed reinforcing steel bar was placed in the center of the surface of the cube.
The contact bond length was the same in every case (40 mm). Besides the specimens casted
for the pull-out tests, standard samples for compression and splitting-tension test were
produced as well. Based on the results of the experiments, the following conclusions can
be drawn:

• The concrete mix with the lightweight aggregate resulted in a 20% lower compressive
strength, and a 29% lower splitting-tensile strength compared to the normal weight
aggregate concrete mix. This showed sufficient correlation with the values calculated
with the expressions of the Eurocode and Model Code;

• Based on the fracture surface of the lightweight samples subjected to the splitting-
tensile strength test, it could be stated that the mortar and the aggregate both took
part in the load bearing;

• The pull-out bond stress and slip values results showed a higher standard deviation
compared to the ones of the compression and bending-tensile strength tests;

• It was observed for both mixes, that the bond stress–slip diagram showed a good
correlation with each other (in shape); moreover, it could be seen that the failure mode
was the same for all samples;

• The standard pull-out test did not show a significant difference in shape between the
normal and lightweight aggregate concrete mixes until the maximum bond stress was
reached. After that, the difference remained small and, in contrast to our expectations,
the lightweight concrete did not show a more rigid behaviour;

• The bond stress—slip figure of the standard pull-out test covered (enveloped) properly
the same figure of the cyclic pull-out test in the case of NWAC. In the case of LWAC,
this was not true for all specimens;

• Both concrete types were able to resist the maximum pull-out force multiple times
in the case of cyclic loading. It was possible because there was no time for the
formation/further development of cracks or the redistribution of stresses. In the case
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of cyclic loading, not only was the loading rate was important, but the time while the
maximum load was applied on the sample influenced the results;

• For cyclic bond tests carried out at low load levels (50–80% of maximum bond stress),
always the first cycle produced the largest slip; however, for a high load level (90% of
maximum bond stress) the slip in the subsequent cycles gradually intensified;

• For cyclic bond tests, the accumulating slip versus the cycle number relationship could
be well described by a linear for all load levels; however, the inclination of these lines
increased with the load level;

• In the case of a low cycle number fatigue, there was no significant difference between
the pull-out bond test results of the normal and lightweight aggregate concrete;

• In the standards, only limited data can be found on bond strength in case of cyclic loading.
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