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Abstract. This paper provides an analysis of the development of bond strength in composite
members of the concrete-to-concrete type. The experimental study was performed to evaluate
the development of the bond strength between two concrete layers. In the study, two different
types of concrete were used — normal concrete (NC) and high-performance concrete (HPC).
Composite specimens of the substrate and overlay were of the NC-HPC and HPC-HPC types
and reference NC-NC specimens were also made. The analysis of the bond strength was
performed on composite cubes of size 150x150x150 mm which were subjected to splitting
tension tests after 3, 7, 14 and 28 days of curing of the concrete overlay. The results of the study
show that the basic phenomenon which affects bond strength is adhesion between concrete layers
which develops with curing of the concrete overlay. The highest increase in the value of tensile
bond strength was observed in the first 3 days of curing of the composite specimens. In this
period the NC-NC composite reaches 53% of its 28-day tensile bond strength, the NC-HPC
specimen - 67% and the HPC-HPC - 74%. The experiments showed different modes of interface
failure depending on the configuration type of concrete in composite specimens. In the case of
composite specimens NC-NC and HPC-HPC the observed dominant interface failure mode
occurred within the overlay transition zone. For the NC-HPC specimens, the interface failure
mode was observed both in the overlay transition zone and in substrate made of NC. No changes
in the modes of bond mechanism failure were observed during curing of the composite
specimens. The results obtained were compared with the existing studies in the literature on bond
strength in composite concrete members.

1. Introduction

The optimal use of material properties as well as the reduction of undesirable material behaviour lies at
the basis of construction material research. This approach allows for an increase in possible application
areas and an economic use of the materials. The vast majority of construction elements require
combining the merits of different materials in order to increase effectiveness. Composite materials
present such an advantage and, particularly, composite members of the concrete-to-concrete type. This
type of composite is made by connecting two materials of the same type.
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In the last few years, the principal interest in concrete composite research lies in connecting normal
concrete with a new generation concrete. This type of concrete is increasingly substituting regular
concrete. Composite structures which use both normal concrete (NC) and high-performance concrete
(HPC) have the advantages of both materials. During construction, HPC is used in places where
elements require reinforcement [9]. This significantly reduces costs as opposed to making use of HPC
in the entire construction. Further, high-performance concrete is also used to prepare construction
elements for increased loading or for the repair of damaged sites in existing elements [4, 5].

The purpose of using composite members of the concrete-to-concrete type is to ensure the best load
transfer. The principal factor which determines the composite strength is the adhesion between concrete
layers. This is significant not only in existing construction elements but also in the realization phases
where the fresh concrete hasn’t reached its full strength yet. Despite numerous research in concrete
composites [1-11], few data is available regarding the bond strength and the development of the
concrete-to-concrete bond in high-performance concrete. In this study, two types of concrete are used:
NC and HPC. Composite specimens of the substrate and overlay of type NC-HPC, HPC-HPC and
reference NC-NC were made. The obtained results were compared with the existing literature on the
study of bond strength in composite concrete members.

2. Bond between concrete layers

The physico-chemical phenomena which occur at the interface of two materials and which lead to the
mutual bonding of the materials, is called adhesion. The force required to separate such two materials
is a measure of adhesion. In composite structures, three basic factors contribute to the bond strength: the
natural adhesion, friction between concrete layers and the use of reinforcements [10]. Natural adhesion
is the result of physico-chemical phenomena occurring at the interface of two materials. Natural
adhesion can be further classified as mechanical or specific. Mechanical adhesion occurs when glue
penetrates into the irregularities of the surface which creates a bond. In the case of concrete the role of
glue is taken by the cement paste of the overlay. The second type of adhesion is specific adhesion, which
includes adsorption phenomena (chemical bonding, hydrogen bonds, Van der Waal forces),
electrostatics and diffusions.

In the case of two concrete layers the greatest significance is attributed to mechanical adhesion
related to the penetration of the cement paste of overlay as well as adsorption. The chemical content of
both connected elements is either the same or very similar. Interparticulate forces act from the moment
the fresh mixture comes in contact with the existing concrete element. This phenomenon facilitates the
penetration of the cement paste of overlay into the pores and irregularities of the concrete substrate.
Further, as concrete hardens, chemical reactions occur between the components of the fresh mixture and
the unhydrated cement in the concrete substrate. The phenomena which occur at the interface of the
concrete composite are similar to the phenomena observed in the bonding of the aggregates with the
cement matrix [1, 10]. At the interface between the composite concrete an inter-phase transition zone is
formed. In this zone due to higher water content, hydration of the cement grains occurs. As a result of
this process empty spaces are formed in place of the grains and hydration products migrate to the
intergranular space. Depending on the additives used this zone is characterized by a smaller or larger
porosity. In the pores form pockets of portlandite or crystallized ettringite fragments fibers. In the
transition zone along with the “wall effect” in the concrete overlay a weaker layer is formed, through
which the failure plane of the composite element should run. In the case of high-performance concrete
the reduction of the water cement ratio, the use of superplasticizers and especially micro fillers causes a
significant reduction in the thickness and porosity of the transition layer and causes its phase content to
resemble the cement paste in the cement matrix. The properties of HPC presented herein result in a
superior adhesion between the cement matrix containing silica fumes and the substrate for composite
structures of the concrete-to-concrete type [6].
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3. Experimental procedure

The goal of the experiment was to assess the increase of strength of composite elements of the concrete-
to-concrete type (determined by bond strength) during curing of the concrete overlay. As part of the
experiment composite concrete specimens without reinforcement at the interface were prepared.
Composite specimens, of the substrate and overlay of type NC-HPC and HPC-HPC as well as reference
NC-NC were produced. Tests were performed after the substrate concrete cured for 28 days. The
analysis of the bond strength was performed on composite cubes of size 150x150x150 mm which were
subjected to splitting tension tests after 3, 7, 14 and 28 days of curing of the concrete overlay. For each
of the four curing stages the bond strength was determined. In parallel to bond strength experiments, the
increase in strength of the reference samples was monitored through compression and splitting tensile
tests in accordance to standards [14, 15]. This methodology allows for a direct comparison of the bond
strength and the strength of the concrete overlay at every stage of curing.

3.1. Concrete mixtures

In the study two different types of concrete were used, normal concrete (NC) and high performance
concrete (HPC). The water/cement ratio used for the NC concrete mixture was 0.45 whereas for the
HPC mixture water/binder ratio was 0.32. The consistency of the concrete mixtures used in these
experiments were of class S4 [16]. Table 1 shows the composition of the concrete mixtures.

Table 1. Composition by mass of proposed mixes

Recipe denotation

Composition

[kg/m?] NC HPC
Cement CEM and 32.5R 375 -
Cement CEM and 42.5R - 455
Water 170 160
Sand 0/2 mm 645 668
Gravel 2/8 mm 555 -
Gravel 8/16 mm 645 -
Basalt aggregate 2/8 mm - 1240
Silica fume (SF) - 45
Superplasticizer (PCE) - 4.05
Water/binder ratio 0.45 0.32

3.2. Test methods

The experiments were performed on composite cubic samples of dimensions 150x150x150 mm. The
composite samples were produced in two steps. At first, styrofoam was placed in the forms followed by
the concrete substrate. After 28 days of curing in laboratory conditions at a temperature of 20°C and a
relative humidity of 95%, the contact surfaces were prepared. The surfaces were cleansed from loose
fragments as well as cement grout and their roughness was increased. The contact surfaces were
prepared with a rotary steel brush. This type of surface is qualified as a smooth surface according to
MC2010 [12] and EC2 [13]. The model of the specimen and the substrate surface are shown in
Figure 1. Before pouring the concrete overlay water was applied to the surfaces every time. The samples
were secured and constantly overseen.

The analysis of the bond strength was performed on composite samples through splitting tension
tests. The procedure was performed in accordance with the standard [14]. The interface between the
concrete substrate and overlay was vertically oriented and in the direction of the applied forces
(Figure 1). Tensile bond strength was calculated in the way as for the splitting tension according to the
following formula:
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fo=— (M
f., - splitting tensile strength, [MPa];
F - maximum load, [N];

L - length of contact line, [mm];
d - cross section size, [mm].

Direction of concreting

Substrate—

Figure 1. Model of specimen used in tests of tensile bond strength and substrate surface prepared with
steel brush

4. Results and Discussion

The results of the experiments are shown in Table 2. The average contact strength values were
determined in experiments conducted on 10 samples. The average compressive and tensile strength
values of the reference samples were determined on 5 samples. To further study the bonding properties,
a coefficient of bond effectiveness () as well as a relative increment of bond strength (f) were
calculated:

T,
a=—0 2)
]pctm(i)
Ty - average bond strength of the composite sample, [MPa];

Som (i, - average splitting tensile strength of the overlay concrete, [MPa].

p=0 ()

Tp(28)

Ty(s) - @verage bond strength of the composite sample after 3, 7, 14 days, [MPa];
Ty (28, - average bond strength of the composite sample after 28 days, [MPa].

Figure 2 shows the development of tensile bond strength and splitting tensile strength. The
development of strength for both these cases is similar although they represent different range of
strengths. The greatest bonding strength was noted for the composite samples at day 28 of curing. For
the HPC-HPC specimens, the strength value was 2.66 MPa, for the NC-HPC specimens it corresponded
to 2.13 MPa and for the NC-NC, the strength value equaled 1.89 MPa. The values of splitting tensile
strength for the monolithic HPC and NC concrete overlay were significantly higher, that is, 5.12 MPa
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and 3.13 MPa. It must be noted, however, that the bonding strength values are strongly dependent on
surface preparation [7, 8]. Such considerations, however, are outside the scope of this study.

Table 2. Results of the experiments

Series The strength of concrete at the time of test of Tensile bond  Coefficients
B o composite specimens strength
B % 2 Substrate Overlay
§ &g
568 f ¥ £ ¥ £E £ £ = ¥
£28 2 T 2 T 2 T &2 % g T = =
= 8 &8 5 & 28 28
o« o « o
3 371 35 298 87 231 7.1 228 89 1.01 112 0.44 0.53
NC-NC 7 387 21 274 43 312 54 274 71 131 86 048 0.69
14 386 14 3.04 107 347 35 289 107 166 92 057 0.88
28 397 35 318 67 398 51 313 62 189 124 0.60 1.00
3 371 35 298 87 583 27 383 59 142 87 0.62 0.67
NC-HPC 7 387 21 274 43 724 31 433 94 1.72 10.9 0.63 0.81
14 386 14 3.04 107 865 42 465 114 1.92 134 0.66 0.90
28 397 35 318 67 905 24 512 39 213 73  0.68 1.00
3 8.1 35 524 101 583 27 383 59 197 6.1 051 0.74
HPC-HPC 7 90.3 55 515 156 724 31 433 94 244 74 056 0.92
14 91.7 49 539 73 865 42 465 114 254 69 055 095
28 921 46 525 54 905 24 512 39 2,66 55 052 1.00

Tensile bond strength [MPa]
Splitting tensile strength [MPa]
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Figure 2. Tensile bond strength and splitting tensile strength development

A comparison of the relative increase of bond strength was possible for the different concrete types.
In the first three days, the NC-NC composite reaches 53.4% of the 28-day bond strength. For the NC-
HPC specimens, this value is 67.0% and for the HPC-HP, the strength reaches 74.1%. Between days 3
and 7, the increase in bond strength was similar, and its value varied from 15.9% to 18.8%. A growth
slowness can be observed in the increase of the bonding strength between 7 and 14 days for the HC-
HPC and HPC-HPC type of 9.4% and 3.8% respectively. For the NC-NC specimens, however, a further
increase to 18.5% can be observed during the same period. After day 14 of curing, for all three
composites, a small relative increase in the bond strength of the concrete occurs. The greatest increase
of the value of bond strength occurs at the same time as the greatest increase of the splitting tensile
strength for the concrete overlay which occurred after 3 days of curing. As can be seen from Figure 3,
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the relative increase of bond strength of specimens of type HPC-HPC and NC-HPC is similar to the
relative increase of the splitting tensile strength. For the NC-NC reference specimens, a slight delay in
the development of bond strength with respect to the development of tensile strength of the concrete
overlay can be observed. The use of silica fume additives creates a uniform mixture irrespectively of the
distance to the surface. The morphology of the C-S-H phase, which contains silica fume, also affects
surface adhesion to the concrete substrate. Experiments show that a change of the contact boundary of
the concrete composites is visible already within a few days.

1 o067 (—e— NC-NC )
—&— NC-HPC
0.6 — —®— HPC-HP
- - NC

053 = £ - HPC
05 i :

0 3 7 14 28
Time [days]
Figure 3. Relative development of increment of tensile bond strength and splitting tensile strength.
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Figure 4. Coefficient of bond effectiveness development.

For all types of composite specimens, no significant changes were observed in the coefficient of bond
effectiveness with respect to curing time (Figure 4). The reason for this is that the development of bond
strength and splitting tensile strength with time is similar. The greatest bond effectiveness was noted for
the NC-HPC specimens.

The failure of all composite samples occurred through interface failure. An example of failure is
shown in Figure 5. The dominant, i.e., most common, interface failure mode was observed to occur
within the overlay transition zone (OTZ). This type of interface failure was characterised by a thin layer
of the overlay added to the old concrete substrate. Therefore, failure occurred principally in the micro-
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concrete material. For NC-HPC specimens the interface failure mode was observed both in the overlay
transition zone and in substrate made of NC. This indicates a strong adhesion of the matrix HPC (which
contains silica fume) to the concrete substrate. The observed failure mode is related to the physico-
chemical action of the silica fume which cause a reduction in thickness and porosity of the transition
layer and causes its phase content to be similar to the matrix. No changes in the modes of bond
mechanism failure were observed during curing of the composite specimens.

Qverlay

) SuEsﬂtra}g i Failure plane

Substrate

Figure 5. Failure modes detected in the tested specimens type NC-HPC under splitting tension

5. Conclusions
Based on the experiments pertaining to the development of bond strength in composite members of the
concrete-to-concrete type, the following conclusions can be drawn:

e The results of the study show that the principal phenomenon which affects bond strength is
adhesion between concrete layers which develops with curing of the concrete overlay.

o The greatest increase in the value of bond strength was observed in the first 3 days of curing.
In this period the HPC-HPC composite reached 74% of the 28-day bond strength, the
NC-HPC specimen - 67% and the NC-NC - 53%.

e The relative increment in bond strength of composites HPC-HPC and NC-HPC is similar to
the relative increment in the splitting tensile strength of overlay concrete. In the case of
composite NC-NC, such behaviour was not observed.

e The greatest bond strength were noted on day 28 of curing: for composite
HPC-HPC - 2.66 MPa, for NC-HPC - 2.13 MPa and for composite NC-NC - 1.89 MPa.

e The experiments showed different modes of interface failure depending on the configuration
type of concrete in composite specimens. In the case of composite specimens NC-NC and
HPC-HPC the observed dominant interface failure mode occurred within the overlay
transition zone. For NC-HPC specimens the interface failure mode was observed both in the
overlay transition zone and in substrate made of NC.

e No changes in the modes of bond mechanism failure were observed during curing of the
composite specimens.
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