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Abstract: This study aims to assess the bond strength and failure mode between old concrete and new concrete
through slant shear test. Three different specimens’ geometries were considered. Two repairing materials were
adopted. The first one is ultra-high performance concrete with reasonable amount of silica fume and the second is
high performance concrete with low amount of silica fume. The influence of height on slant shear specimens was
studied. Besides the experimental investigation, a numerical analysis using the finite element analysis software
LUSAS was conducted and the distribution of shear stresses at the interface were reported. The study presented in
this paper reveals that silica fume strengthens the bond in shear. Moreover, it can be stated that height has a
significant influence on slant shear specimens and it should be taken into consideration.

1. Introduction and Background

As concrete structures are coming of age and/or getting exposed to severe environmental and mechanical
loading, they tend to deteriorate. Repair stays the preferred option. In repairing process, the bond between old
and new concrete has always been a field of interest for its important factor. The strength of this bond is
influenced by several parameters (e.g. curing, pozzolanic materials,..). Slant shear test is the most common used
technique to study the bond. It is a worldwide technigque considered by the American Standard C882 [1] and the
British Standard BS EN 12615 [2]. Upon testing, failure can occur in the material itself (cohesive failure) rather
than the interface (adhesive failure). Many researchers analysed the failure mode and proposed modifications to
enforce adhesive failure [3].

Several repairing materials have been tested. Recently, self-compacting concrete is being proposed as an
overlay by some researchers [4]. There is a lack of information of ultra-high performance concrete (UHPC) as a
new overlay concrete. UHPC is defined as a cementitious material that its compressive strength exceeds 150
MPa. Silica fume is a major constituent of UHPC required to achieve high strength. It is a material with
improved and greater properties that reflect enhanced durability. In line with sustainability, the proposed
material would be ideal as it requires less intrusion during its service life. Hence, extending the service life of
concrete structures and reducing costs and therefore being the key to the worldwide issue.

This research comprises the use of different types of high performance concrete as an overlay: the first type
is ultra-high performance concrete with compressive strength of 160 MPa and reasonable amount of silica fume
and the other type is high performance concrete with compressive strength of 120 MPa and very low amount of
silica fume. It is aimed to examine the bond strength and failure mode between old concrete and the two
different aforementioned repairing materials through slant shear test. Moreover, the study purposes to assess the
influence of height on slant shear specimens. Finally, based on the outcome, the research will answer two
questions:

e Is the bond strength obtained from specimens with different geometries comparable?

o Would the failure mode be the same, though different geometries are considered?
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2. Methodology

2.1. Experimental Study
Before any adjustments to height, all specimens were performed according to the British Standard BS EN

12615-1999. Figure 1 below shows the geometry, dimensions and the angle of friction of the specimen.
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Fig. 1: Specimen geometry

2.1.1 Specimen Preparation
Three prisms were casted in moulds to get the required shape. Figure 2 below shows the casted substrate

prisms.

Fig. 2: Substrate prisms.

The mix design adopted for the substrate layers is presented in table 1 below. The compressive strength

recorded 75 MPa at 28-days
TABLE 1: Mix Design of the Substrate.

Cement (kg/m?) Fine Aggregate (kg/m?) Coarse Aggregate Water (kg/m?3)
(kg/m?)
410 518 1208 164
107
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2.1.2 Bonding

The specimens were saw-cut into halves with a diagonal angle of 30° with the vertical axis as presented in
figure 1. Hand brush was used to clean the surface of old concrete where the present laitance decreases the bond
strength. Three overlays out of six were adopted ultra-high performance concrete (UHPC). Silica fume
accounted for 11.06% of cement weight. The compressive strength at 28-days recorded 150 MPa. The mix
design considered is presented in table 2.

TABLE 2: Mix Design of UHPC.

Cement (kg/m?) Silica Fume Silica Sand (kg/m®) | Superplasticizer Water (kg/md)
(kg/m?) (kg/m?)
1075 119 1050 40 173

The other three overlays concrete were considered high performance concrete (HPC). The mix design was
adopted based on the UHPC mix (table 2). The 119 kg/m3 of silica fume considered in the UHPC mix was
reduced to 30 kg/m3 in the HPC. The amount of silica fume removed (89 kg/m3) was added to the amount of
cement in the HPC mix to become 1164 kg/m3. To maintain a constant w/c, water was added. The addition of
more dosages of superplasticizer was adopted as the mix seemed to need more water. The compressive strength

at 28-days recorded 120 MPa. The mix design is displayed in table 3 below.
TABLE 3: Mix Design of HPC.

Cement (kg/m?3) Silica Fume (kg/m®) | Silica Sand (kg/m3) | Superplasticizer Water (kg/md)
(kg/m?3)
1164 30 1050 65 195

Figure 3 below clarifies the prepared specimens before any height adjustments. Figure 4 shows a slant shear
specimen.

Silica fume accounts for 2.57% of
cement weight in the overiay

Silica fume accounts for 11.06%
of cement weight in the overlay

150 150 150 120 120 120
MPa MPa MPa MPa MPa MPa
5 75 75 5 5 75
MPa MPa MPa MPa MPa MPa

Fig. 3: Specimens before height adjustments.
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Fig. 4: A slant shear specimen.

2.1.3 Adjustments to Geometry
Set 1: No adjustments. Two specimens were involved:
e A 400-mm specimen having ultra-high performance concrete as an overlay (150 MPa of compressive
strength and silica fume accounts to 11.06% of cement weight).
e A 400-mm specimen possessing high performance concrete as an overlay (120 MPa of compressive
strength and silica fume accounts to 2.57% of cement weight).
Set 2: Adjustments in both halves. The smaller part was adopted 20 mm. Figure 5 below clarifies this. The
specimens chosen were the same as in set 1.

2t mm
150 120 }
MPa MPa
75 75
206 MPa MPa
}

Fig. 5: Adjustments in both halves.

Set 3: The smaller height of the overlay half was kept as it is at 113.5 mm as specified in EN 12615-1999
while the smaller side of the substrate was reduced to 45 mm. The remaining two specimens, the same as in the
previous sets, were involved.

2.2. Numerical Analysis

A numerical study was conducted using the finite element analysis software LUSAS. The simulation
comprised the following:

Set A: A simulation to study the influence of differential stiffness was carried out first. Simulation for three
models took place with dimensions as in set 1. The compressive strength of the substrate was common in all
specimens with a value of 25 MPa. Regarding overlays, the compressive strengths adopted were 25 MPa, 75
MPa and 105 MPa (25/25, 25/75, 25/105).

Set B: A simulation to study the effect of reducing the base height to 20 mm as in set 2 of the experiment
was conducted. A 35/37 specimen was considered.

Set C: A simulation to study the effect of reducing the base height in the substrate only was carried out. As
in set 3 of the experiment, the smaller side of the substrate half was reduced to 45 mm while it was kept at 113.5
mm for the overlay half. A 75/105 specimen was considered. Figure 6 clarifies this.
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Fig. 6: Adjustments in the substrate base half.
3. Results and Discussion

3.1. Setland SetA

Due to physical restrictions, the load applied on the specimens could only reach 250 KN. The UHPC-
specimen stayed still and therefore the bond strength was not determined. The HPC-specimen reported failure at
230 KN and therefore the slant shear strength is: Fb = F ¥3/40000 = 230 000 * V3/40000 = 9.95 MPa. A
higher bond strength was reported in the UHPC specimen as no failure occurred. Diab in his experiment
concluded that the maximum effect of the overlay compressive strength to the old concrete compressive strength
ratio on bond strength is when it reaches 1.4 and any increase beyond 40% has a slight and modest improvement
[4]. In this study, the aforementioned ratio exceeds the threshold in all sets and hence it has no significant
impact. Therefore, the higher bond strength recorded in the UHPC-specimen may be attributed to the higher
amount of silica fume presented in its overlay (11.06 % of cement weight). This agrees with Wan’s study [5] and
contradicts Mohammadi’s research [6].

Regarding the failure mode, a cohesive failure was reported. The simulation took place to the models in set
A shows approximately a uniform distribution of shear stresses at the interface for the specimen with same
compressive strength in both halves (figure 7 -a), however, as the differential stiffness increases, the difference
in stresses increases. Figure 7-c shows a significant change which represent the 25/105 specimen. Figure 8
represents the values. The cohesive failure stated may be attributed to the high differential stiffness between the
two halves of the specimen.
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Fig. 7: The influence of differential stiffness on the distribution of shear stresses.
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Fig. 8: Distribution of shear stresses at the interface.

3.2. Set2and SetB

Regarding the bond strength, 3.87 MPa and 2.91 MPa was reported for the UHPC and HPC specimens,
respectively. The higher bond strength may be attributed to the same reason mentioned for set 1.

Regarding the failure mode, adhesive failure was noticed in both specimens as shown in figure 9.

Fig. 9: Adhesive failure for specimens with 20 mm base height.

The simulation took place for the specimen (25/37) in set B recorded uniform distribution of shear stresses at
the interface. Hence, the reason behind the adhesive failure may be attributed to the 20 mm base height adopted.
This contradicts Santos who concluded that 100 mm is the minimum height for the base [7].

https://doi.org/10.15242/HEAIG.H1217305 111



3.3. Set3and SetC

Regarding bond strength, 11.6 MPa and 6.71 had been determined in the UHPC and HPC specimens,

respectively. This may be attributed to the role of silica fume as in the previous sets.

Regarding the failure mode, a cohesive failure was reported in both specimens. Moreover, a broken corner

was noticed in the specimens as shown in figure 10. The simulation for the model in set C reveals a change in
shear stresses at the beginning of the interface. Therefore, the broken corner reported in set 3 of the experiment
may be attributed to the change of stresses at the bottom end of the specimen.

[1]

Fig. 10: Broken corner.

Conclusion

Based on this study, the following can be concluded:

The two halves of any specimen proposed are with high differential stiffness. However, for any base height
and in any set, the specimens that possessed higher silica fume in the overlay revealed higher bond strength.
Therefore, silica fume has influence in the concrete-to-concrete bond strength. It can be stated that UHPC,
due to the presence of silica fume, strengthens the bond strength.

The HPC-overlaid specimens in set 1 and set 2 are of the same differential stiffness between the halves,
same curing, similar overlay and substrate, exact surface roughness and equal angle of friction. However,
they are of different base heights and hence different geometries. The failure mode revealed was cohesive in
set 1 and adhesive in set 2. Therefore, it can be stated that height has influence on the failure mode of slant
shear specimens and it should be taken into consideration as any other aforementioned parameter.

The experimental program for specimens possessing base height of 20 mm reported adhesive failure (set 2).
Additionally, the numerical analysis conducted on a specimen with 20 mm base height (set B) recorded
uniform distribution of shear stresses. Therefore, it can be stated that adhesive failure is the failure mode for
slant shear specimens with 20 mm base height.

The experimental program for specimens in set 3 possessing different base heights in each half reported a
broken corner. The numerical analysis conducted using LUSAS on a specimen with different base height
(set C) displayed a change in stress distribution at the bottom end of the interface. Therefore, it can be stated
that the difference in base height between the two halves of a specimen leads to a change in stress
distribution at the bottom end of the interface revealing a cohesive failure and potentially a broken corner.
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