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ARTICLE INFO ABSTRACT

Keywords: Joints in concrete structures must perform under various complex loads including torsion. This paper reports the
Epoxy o results of an experimental programme investigating the static torsional performance of epoxy-bonded concrete
Concrete joint joints. Torsion tests were performed using a custom experimental setup able to apply torque on a hollow concrete
Torsion prism with an epoxy joint in the middle. The tested specimens failed in both cohesive and mixed modes. The
Shear . . . L. . . .

. cohesive failure mode was characterised by cracking in the body of concrete, while the mixed mode also included
Experimental study i X . f . . . X .
Digital Image Correlation partial debonding of the joint. The cohesive mode was dominant, more ductile and exhibited higher torsional

strength. The cracking behaviour of the jointed specimens was typical of concrete prisms under torsion except
that in the mixed mode a crack developed along the joint on two or three specimen sides. Digital Image Cor-
relation, applied for monitoring surface strain, showed that inclined bands of high shear strain passed across the
joint during the tests. The mechanism of concrete-epoxy debonding was investigated using two standard testing
methods. The low shear strength of concrete near the epoxy joint was identified as the source for the weaker,
stiffer and more brittle response of the mixed failure mode in the torsion tests.

1. Introduction

Concrete is one of the most widely used structural materials, and
concrete structures are used in the construction of fixed onshore and
offshore structures, floating offshore platforms and marine renewables
structures. Due to a wide variety of applications, concrete structures are
subjected to different loading conditions including torsion (e.g., in
curved concrete beams). The behaviour of concrete structures under
torsion has been well investigated and their failure modes have been
well documented (e.g., [1-15]). Torsion causes brittle failure of concrete
structures, which can be avoided by providing adequate longitudinal
and transverse reinforcement.

Epoxy resins are widely used as sealing and bonding materials in
various civil engineering applications including precast segmental con-
crete construction (e.g., [16-20]) as well as for repair and strengthening
of concrete structures with externally bonded steel plates or fibre rein-
forced polymer wrapping (e.g., [21-29]). In the offshore renewable
energy industry, post-tensioned precast segmental construction is a
method promising structural and economic efficiency in the
manufacturing of floating concrete structures. This construction method
relies on joining concrete segments with epoxy resins. Although
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different jointing systems have already been developed including
flat-face and shear key joints, their application in the offshore renewable
energy industry has been very limited.

The behaviour of epoxy-bonded flat-face concrete joints has been
investigated by several researchers e.g., [16,18], [29-35]. These studies
focused on the performance of epoxy joints under tension and shear
using standard and customised testing methods. The tensile behaviour of
epoxy joints was also examined using the splitting test, 3-point and
4-point bending tests e.g., [30,32,34], while the shear behaviour was
investigated using the slant shear test and bi-surface shear test e.g., [29,
31,33,34]. The effects of different parameters on the joint bond strength
were studied, which included the physical and mechanical characteris-
tics of concrete and epoxy and the roughness of the concrete substrate. It
is necessary to note that the applied testing methods had drawbacks. For
example, the splitting test generated tension at the joint through the
application of compression to a cylindrical specimen which introduced
compressive stresses in the joint plane. The bending tests created
nonuniform tensile stresses in the bottom half of the joint and nonuni-
form compressive stresses in the top half of the joint. The slant shear test
introduced significant uniform compression stresses perpendicular to
the joint plane, while the bi-surface shear test introduced nonuniform
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compression stresses normal to the joint plane over a part of its length.

To the authors’ knowledge, the performance of epoxy-bonded flat-
face joints under torsion has not attracted significant attention and this
paper addresses this knowledge gap through a twofold experimental
programme. The first part of the experimental programme investigates
the static mechanical performance of a flat-face epoxy-bonded concrete
jointed system subjected to torsion. Since current practice and design
codes do not provide any guidelines on testing procedures for epoxy-
bonded concrete joints under torsion, a custom experimental setup
was developed, in which torque was applied to jointed hollow concrete
prisms. The Digital Image Correlation technique was used for moni-
toring the development of surface strain at the joint during the tests. The
torsion specimens failed in two distinct modes, one of which included
partial debonding of the epoxy joint. This phenomenon was investigated
further in the second part of the experimental programme using two
standard testing methods. In these methods, steel and concrete were
used as the substrates of the epoxy joint.

The rest of this paper is organised as follows. Section 2 describes the
twofold experimental programme undertaken in this study which in-
cludes details of specimens and experimental setups used for testing the
torsional capacity of concrete joints and the shear capacity of the
concrete-epoxy bond. A discussion of experimental results supported by
images of specimen faces and surface shear strain is presented in Section
3, where the implications of the experimental findings for the behaviour
of concrete joints under torsion are also discussed. The paper ends with
conclusions.

2. Experimental programme

The experimental programme consists of two types of tests exam-
ining the torsional capacity of concrete joints and the shear capacity of
the concrete-epoxy bond.

2.1. Testing the torsional capacity of concrete joints

This section discusses the experimental setup of the torsion tests on
flat-face epoxy-bonded concrete joints.

2.1.1. Specimens and testing rig

Due to insufficient guidelines on the subject in the practice and
design codes, a custom testing method was developed for investigating
the behaviour of flat-face epoxy-bonded concrete joints in torsion. The
torsion test specimens consisted of two 100 mm hollow concrete cubes
bonded by epoxy resin, as detailed in Fig. 1. Each specimen had a 50 mm
x 50 mm square hole and 25 mm thick walls. The hole was required for
the application of the torque (see the discussion of the testing rig below)
and did not significantly reduce the resistance of the specimens to tor-
sion. The concrete cubes were manufactured by cutting 200 mm long
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hollow prisms in half. All prisms were cured in water for 28 days after
de-moulding. The surfaces of the joints were sandblasted before the
application of epoxy. 9 specimens (named T1-T9) were manufactured
with 3 mm thick epoxy joints. The thickness of the joints was controlled
by spacers. The specimens were tested after 3 days of epoxy curing in
laboratory conditions (i.e., at the temperature of 20 + 2 °C, relative
humidity of 50-60%) based on the recommendations of the epoxy
manufacturer. It is necessary to emphasise that all 9 specimens were
similar and had only insignificant differences unavoidable when the
standard manufacturing procedures are used. It should be noted that this
paper reports part of the experimental results of a larger project. The
first part of the project outcomes (published by Newlands et al. [34])
investigated the shear behaviour of flat-face epoxy-bonded concrete
joints, which included studying the effects of joint thickness, the epoxy
material properties, surface preparation method and joint area reduc-
tion on the joint shear behaviour. The results of this parametric study
and their implications for the torsional response of concrete-epoxy joints
are discussed in Section 3.2.1 below.

Several types of experimental setups were developed for investi-
gating the torsional behaviour of reinforced concrete beams. Torque was
applied through lever arms to both ends of a beam using a spreader
beam [3,4,9,11,12], through a lever arm to one end of the beam, while
the other end was fixed [1,5-8,10,13-15] or through a lever arm to the
middle of the beam, while both beam ends were fixed [2]. The torsional
supports and torque application points of the beams were strengthened
either by increasing the cross-section [1,2,14] or by providing additional
reinforcement [3,6,7,9-11,13,15]. The beams tested in [4,5] were not
strengthened, which resulted in cracking at the supports. The concrete
beam ends were clamped by two parallel steel beams [4-7,9-11,13,15],
fixed to a bulky concrete block [1,13,14] or encased in a steel frame [2,
3]. The beam in [8] was manufactured with T-shaped ends for torque
application, while the beam in [12] was manufactured with short can-
tilevers outstanding from the pinned supports. The loading arrangement
in the beam from [12] was similar to the 4-point bending tests, which led
to the development of a constant bending moment together with torsion.
The loading arrangement in the beam from [2] was similar to the 3-point
bending tests, which led to the development of a bending moment and
shear in addition to torsion. The rotation of a loaded beam end in [3,7,
10,11] required for torque application was released using a hinge pro-
vided under the support. As a result, the centre of support rotation was
different in this setup from the centroid of the beam cross-section. To
eliminate this drawback, the experimental setups in [5,6,9,13-15] used
an arch-type support, while [1] applied torque directly to the beam
using a specialised apparatus. The experimental setup in [4] did not
include any rotational capabilities at the supports. The beam was simply
rested on regular pinned supports, which probably caused some local-
ised damage (not discussed by the authors).

The research studies [1-15] tested large-scale specimens. This paper
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Fig. 1. Torsion test specimen.
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investigated small-scale specimens, which necessitated designing and
manufacturing a bespoke testing rig. The testing rig (developed for
testing the specimens discussed above) consisted of two metal frames
confining the cubes on both sides of the joint as shown in Fig. 2. Note
that experimental setups with similar confining frames were imple-
mented in [2,3], while similar methods of torque application through a
lever arm were used in [1,5-7,10,13-15]. The frames were made of 5
steel plates covering the sides and the end faces of the cubes. Each side of
the jointed concrete prism was tightened in position by 6 bolts placed in
the top plate of each frame. The frames were located between two steel
angled sections welded to the steel baseplate. A 224 mm long metal
lever arm was welded to one of the frames holding the specimen (the left

Fixed Frame
N >

Fixing bolts

Concrete

Epoxy layer
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frame in Fig. 2), which could rotate around the shaft. The rotating frame
additionally had a steel endplate. A central metal shaft passed through
the hollow specimen, the steel endplate of the rotating frame and was
supported by the angled sections. The steel end plates allowed to confine
specimens against warping. The second frame was welded to the base-
plate and the angled section and remained stationary (the right frame in
Fig. 2). This configuration enabled the application of torque to the
specimen by loading the lever arm with a standard testing machine. The
force applied on the lever arm was recorded by a load cell. Two linear
variable differential transformers (LVDTs) recorded the vertical and
horizontal movements of one corner of the rotating frame. Additionally,
a dial gauge was installed to monitor the movement of the lever arm (see

Load Cell

(a)

f

Steel Frame

Middle shaft

(b)

Fig. 2. Torsion test setup shown (a) during a test and as (b) a schematic model.
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Fig. 2a). The data collected from the monitoring devices were used for
calculating the rotation of the frame as a function of the applied torque.

It should be noted that the testing rig implemented in this study was
designed with the purpose of inducing the adhesive mode of failure. This
aim could have been achieved either by strengthening the concrete
sections with reinforcing bars or by reducing the length of unconfined
concrete. The specimen walls were too thin for any significant rein-
forcement, and the presence of reinforcing bars could influence the
distributions of shear stresses and strains around the joint. In the second
method, the confining frames applied torque nonuniformly on the
specimens resulting in a nonuniform distribution of shear stresses and
strains across the joint. This conclusion was supported by the develop-
ment of high shear strain bands crossing the joint, which were observed
with DIC (see the discussion in Section 3.1.3). Furthermore, the effect of
confining frames on the experimental results could be considered rela-
tively minor as the cracking patterns observed in the tested specimens
were similar to those observed in the experimental studies [1-15]. The
importance of this phenomenon for the torsional resistance of concrete
joints will be further investigated in a follow-up study using numerical
modelling with the finite element method. The fixing bolts (see Fig. 2)
created stress concentrations, which, however, were found to be insig-
nificant based on the indentations left on the faces of specimens tested
(see Fig. 7a and supplementary materials accompanying the paper).
Relatively small specimens were tested and therefore further research is
required to investigate the effect of scaling on the findings of this study.

2.1.2. Strain monitoring

Digital Image Correlation (DIC) was applied during the tests for
monitoring surface strains at the joint on one side of the specimen.
Before testing, the surfaces of each specimen on both sides of the joint
were coloured white and painted with a reference grid of black dots.
Two Photron SA-1 highspeed video cameras (with a recording speed of
5400 frames per second at 1-megapixel resolution) were positioned to
record the front specimen face from different angles. The captured video
recordings were processed by the software VIC-3D [36], which calcu-
lated the development of surface strain fields at the joints.

2.2. Properties of materials

2.2.1. Concrete

The concrete prisms were cast using 50% GGBS concrete (C III/A)
conforming to BS 8500-2 [37]. The mix design is presented in Table 1.
All mixing procedures conformed to BS 1881-125 [38]. All specimens
were cured for 28 days in water at the lab temperature of 20 + 2 °C.

2.2.2. Epoxy properties

Table 2 and Table 3 present the general and mechanical character-
istics of the epoxy as supplied by the manufacturers.

The energy-dispersive X-ray spectroscopy analysis of the epoxy
showed that the main components of this epoxy were carbon and oxy-
gen. Additionally, significant amounts of calcium, silicium and
aluminium were present in the epoxy composition, which was attributed
to the filler consisting of inorganic clay minerals. This type of filler is
used to enhance the mechanical properties of epoxy and leads to
roughening of its surface [39]. The scanning electron microscopy anal-
ysis conducted using Philips XL-30 microscope confirmed that the epoxy

Table 1
Test concrete mix proportions and selected properties.
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Table 2

Epoxy general characteristics (manufacturer data).
Usage Thermal Shrinkage TG" Density, Mix
Temperature expansion, (%) cQ (kg/D ratio”
o) cch
+8to+ 35 2.5 x107° 0.04 + 62 1.65 1:3

# Glass Transition Temperature
b Mix ratio by mass for (resin):(hardener -+ filler)

had a very rough surface texture. It should be noted that this type of filler
toughened the epoxy by introducing the mechanisms of crack deflection,
de-bonding of nano-clay particles and shear banding (i.e., local plastic
deformation) into the fracture behaviour of the epoxy [40].

2.2.3. Tensile testing of bulk epoxy

The behaviour of the epoxy in tension was assessed using a dogbone
specimen manufactured from bulk epoxy. The testing methodology
conformed to ASTM D638 [41] test method for tensile properties of
plastics. Type I specimen suitable for rigid and semi-rigid plastics was
selected. The specimen is shown in Fig. 3 and its dimensions are given in
Table 4.

The dogbone specimen was cast in a prefabricated aluminium mould.
A release agent for cold mounting materials like epoxies was used to
avoid sticking the specimen to the mould. The specimen was cured at the
lab temperature of 20 + 2 °C for three days, after which it was de-
moulded and tested using INSTRON 5985 with a mounted 50 kg load
cell and LVDTs. As per ASTM D638 [41] recommendations, the distance
between the INSTRON grips was 115 mm (see Fig. 3b). The specimen
ends were wrapped with sandpaper to avoid stress concentrations in the
grips. The test was conducted at the loading rate of 2 mm/min. The
extension was measured over the 50 mm gauge length in the specimen’s
narrow part using an extensometer (see Fig. 3b). Fig. 4 shows the
stress-strain curve obtained based on the tensile test data.

As can be seen, the stress-strain curve in Fig. 4 is close to linear,
which is characteristic of brittle behaviour exhibited by rigid plastics.
The tensile strength of the tested specimen was 28.8 MPa. The analysis
of the initial part of the curve yielded Young’s modulus of 14.5 GPa. As a
result, the tested specimen showed higher values of tensile strength and
stiffness (i.e., Young’s modulus) than those supplied by the manufac-
turer, see Table 3. It should be noted that because only one epoxy
specimen was tested, the obtained data can only be considered as an
indication that the mechanical properties provided by the manufacturer
are correct.

2.3. Testing the shear capacity of concrete-epoxy bond

The test of the shear capacity of the concrete-epoxy bond was
implemented to understand the effect of local debonding of the epoxy
layer that occurred due to shear on the torsional capacity of the entire
flat-face epoxy-bonded concrete joint. The investigation of the shear
strength of the concrete-epoxy bond was carried out using the assump-
tion that the bonding strength of the epoxy to steel is about 5 times
higher than that of concrete. This assumption was based on the manu-
facturer data in Table 3 for the bonding strength of the epoxy to concrete
and steel in the direction normal to the joint plane (see footnote 1 of

Constituent Proportions (kg/m>) SP" (%) Selected Properties

CEMI52.5N GGBS Water Aggregates® w/c ratio Plastic Density (kg/m>) Slump (mm) Secuve” (MPa)
Fine (0/5) Coarse (5/20)

225 225 170 680 1090 0.4% 0.38 2390 100 60

@ Coarse aggregate and granite fine aggregate glacial sand (1% water absorption)

b Superplasticizer, % of total cementitious material by weight
¢ Cube compressive strength at 28 days after casting
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Table 3
Epoxy mechanical characteristics (manufacturer data).
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Strength characteristics (MPa)

Moduli characteristics, GPa

Fracture thoughness” (N/m)

Compressive Shear Tensile Bond" Ecompr Ejensite Gihear
65-75 13-16 21-24 >4 11.2 1.5 6368
# On concrete, based on substrate failure (bond strength on steel > 21 MPa)
> For Mode I (opening)
| L ‘ . 30 7
— qr ,
- /
y = 14545x ,
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?;” 15 + //

2 7

(%]

10 +
5 +
0 t t t t t
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(b)

Fig. 3. (a) Type I specimen, as per ASTM D638 [41]. The dimensions are given
in Table 4. (b) The testing setup of the dogbone specimen.

Table 4
Dogbone bulk epoxy specimen dimensions, as per Type I specimen in ASTM
D638 [41].

Designation Parameter Dimension (mm)
T Thickness 3.2+04

w Width of narrow section 13

L Length of narrow section 57

WO Width over all 19

LO Length over all 165

G Gauge length 50

D Distance between grips 115

R Radius of fillet 76

Strain (mm/mm)

Fig. 4. Results of tensile test on a dog-bone epoxy specimen.
Table 3).

2.3.1. Push and pull testing methods

The flat-face epoxy-bonded concrete joint can fail either in concrete,
joint epoxy layer or at the concrete-epoxy interface. The non-uniform,
composite nature of concrete resulted in stiffness variations at the
joint surface leading to stress concentrations. The shear behaviour of the
concrete-epoxy bond was investigated in this study using the Push and
Pull testing methods, where concrete was bonded by epoxy to steel. This
reduced the effect of stress concentrations and allowed to achieve a
more uniform distribution of shear stresses over the joint length. The
Push and Pull tests provided new insights into the shear response of the
concrete-epoxy joint as they eliminated the disadvantages of the slant
and bi-surface shear test setups implemented by Newlands et al. [34]
that laid in the presence of compression force at the joint and the
nonuniform distribution of shear stresses at the joint.

In the Push test method, a steel I-beam was sandwiched between 2
concrete slabs. The beam had a depth of 100 mm and a flange width of
80 mm. The concrete slabs were 300 mm long, 300 mm wide and
100 mm deep. The slabs were cured in water for 28 days after de-
moulding. The beam was bonded to the concrete slabs with the epoxy
over 100 mm length and the entire width of the flanges as shown in
Fig. 5. The surfaces of concrete slabs and steel beams were sandblasted
before bonding. Spacers were used to control the thickness of the joints.
Based on the recommendations of the epoxy manufacturer, the speci-
mens were cured for 3 days after bonding at the lab temperature of 20
+ 2 °C and relative humidity of 50-60%s. The top of the beam was
pushed by a standard testing apparatus between the concrete slabs
creating shear stresses at the steel-concrete joints. The beam and slabs
were well aligned during manufacturing to avoid the eccentricity of the
applied load. The symmetry of the Push test specimen allowed to
generate a pure shear stress state. Four LVDTs were installed on each
side of the joints to record the slip of the beam relative to the concrete
slabs. A load cell was located on top of the beam for monitoring the
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Fig. 5. Push test specimen.
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applied load. The Push test was carried out on 3 specimens. It should be
noted that a similar method was used by Eurocode 4 [42] for testing the
strength of shear connectors and by Si Larbi et al. [43] for testing the
effect of paint on the failure mode and strength of the steel-concrete
joint.

Since the Push test could be affected by the compression stresses in
the beam and the wedging action, an alternative Pull test method was
additionally used for validating the shear strength of the concrete-epoxy
bond. In the Pull test method, a concrete prism was clamped in a steel
frame, as shown in Fig. 5. A pair of steel plates were bonded to the
opposite sides of the prism. These plates were pulled using an additional
steel frame creating a state of pure shear stresses in the steel-concrete
joints. In the Pull test specimen, the prisms were 300 mm long and
had a 75 mm x 75 mm cross-section. The steel plates were 250 mm
long, 75 mm wide and 10 mm deep. The prisms were cured in water for
28 days after de-moulding. The surfaces of concrete prisms ans steel
plates were sandblasted. After epoxy application and bonding of prisms
with plates, the specimens were cured for a further 3 days in laboratory
conditions. It should be noted that a similar method was applied by
Barnes and Mays [21] in investigating the potential for strengthening

Construction and Building Materials 411 (2024) 134558

reinforced concrete beams with externally bonded steel plates. The au-
thors reported that the efficient bonding length is between 100 mm and
200 mm. Therefore, the plates were bonded to the prism over the length
of 200 mm and the entire prism breadth. The bonded plates were
aligned with the prisms to avoid the eccentricity of the applied load.
Two LDVTs were applied to monitor the slip of the plates relative to the
prism. The applied load was recorded using a load cell. The Pull test was
carried out on 3 specimens.

It is necessary to mention that all specimens in both types of tests
were manufactured using the concrete and the epoxy described in Sec-
tion 2.2. The epoxy layers in all steel-concrete joints were 3 mm thick..

3. Experimental results and discussion
3.1. Torsional capacity of concrete joints

This section presents the results of torsion tests on 9 similar speci-
mens discussed in Section 2.1.

(a) Cohesive failure in specimen T2

o ——

(b) Mixed failure in specimen T7

’\ _ > Crack location

—_——

Fig. 7. Failure modes observed in torsion tests. From top to bottom, images are given for the (1) front, (2) top, (3) back and (4) bottom faces of specimens. The scale

bar in the right bottom corner of each image represents 25 mm in length.
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3.1.1. Failure modes observed in torsion tests

Despite being similar, the torsion test specimens exhibited two
different modes of failure: cohesive and mixed. The cohesive mode was
characterised by the failure in the body of concrete on one side or both
sides of the joint. The mixed mode was characterised by the failure in the
body of concrete on one side of the epoxy joint and partial debonding of
the joint. The adhesive failure mode (i.e., the failure of the epoxy layer)
was not observed in the tests. It should be noted that the differences in
the failure modes observed in the torsion tests stem from the variations
in the distributions of mechanical properties within the specimens.
These include the variations in the strength and stiffness of the concrete
at the joint surface and in the bond strength of the concrete-epoxy
interface. Typical examples of the cohesive and mixed failure modes
are shown in Fig. 7, where dashed ovals indicate the locations of cracks.
Since the adhesive mode of failure (i.e., failure purely occurring in the
epoxy joint) was not observed it could be concluded that the torsional
shear strength of the epoxy was higher than that of the hollow concrete
cubes. The cohesive failure mode was dominant, occurring in 6 out of 9
specimens (see Table 5). In this mode, several cracks developed in the
specimen with most of them inclined to the axis of rotation at inclination
angles ranging between 30° to 60° (see Fig. 7a and supplementary ma-
terials accompanying the paper). Many cracks continued over several
specimen faces in a spiral pattern, where the change of specimen face
was often accompanied by a change in the crack inclination angle. An
example of a spiral crack extending over all 4 faces of specimen T2 is
indicated by arrows in images 1-4 of Fig. 7a. It should be noted that
similar crack patterns were observed in torsion tests on solid and hollow
reinforced concrete beams (e.g., [1-15]). At least one inclined crack
crossed the joint in each specimen, while some inclined cracks stopped
at the joint (see images 1 and 3 of Fig. 7a). In most cases, the crack
crossed the joint perpendicularly after a short propagation along the
concrete-epoxy interface. The direction of the joint-crossing crack
within the concrete cubes was similar on both sides of the joint.

The mixed mode failure occurred in 3 out of 9 specimens (i.e., in
specimens T3, T5 and T7, see Table 5). In specimens T3 and T5, cracks
developed in one of the jointed cubes and in the concrete near the joint
without crossing the latter (see Fig. 7b and supplementary materials
accompanying the paper). In specimen T7, one crack crossed the joint
twice on two adjacent faces (see images 2 and 3 of Fig. 7b). Out of 3
specimens, specimen T7 was the most severely damaged. In the concrete
near the joint, cracks developed in parallel to the joint plane and became
inclined away from the joint (see images 1 and 3 of Fig. 7b). The incli-
nation angles of the cracks to the axis of rotation ranged between 45° to
70°. In the bulk concrete, the inclined cracks continued to adjacent
faces, with some inclined cracks becoming perpendicular to the axis of
rotation (see images 1 and 4 of Fig. 7b). Most inclined cracks connected
with joint cracks that continued over two or three specimen faces with
local debonding at the concrete-epoxy interface. Note that the debond-
ing occurred by the failure of the concrete surface layer rather than the
epoxy and a thin layer of concrete remained attached to the epoxy after
the test.

The images of specimens T1, T3-T6 and T7 are given in the

Table 5
Torsion test results.
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supplementary materials accompanying the paper.

3.1.2. Torsional strength

The torsion test specimens were hollow prisms with a
100 mm x 100 mm cross-section and 25 mm thick walls. Assuming a
linear distribution of shear stress within the cross-section, the contri-
bution of the 50 mm x 50 mm core to the torsional resistance of a tor-
sion test specimen can be considered as relatively small and can be
ignored. Therefore, ACI-ASCE Committee 445 [44] allows considering
such prisms as solid, where the torsional stresses, 7, is continuous in the
cross-section and can be calculated using the following expression

T
Ty .
a=[3+18x/y" (2)

where T is the applied torque, x and y are specimen cross-section di-
mensions, and « is a coefficient dependent on these dimensions. In the
considered case, x = y = 100 mm and so Eq. (2) results in @ = 0.208 and
Eq. (1) leads to

T=48x10°xT &)

where 7 is in MPa and T is in Nemm.

Fig. 8 presents the development of 7 with the rotation of the section
in the specimens tested, while Table 5 gives the values of 7, cross-
sectional rotation and rotational deflection at specimen failure. The
torsional stress was calculated using Eq. (3), where T was obtained using
the load cell readings as the load applied by the testing machine times
the distance (i.e., lever arm) between the point of load application and
the axis of the steel shaft (see Fig. 2). The rotation of the cross-section
was evaluated as the rotational deflection divided by the lever arm of
the applied load, where the rotational deflection was calculated as the
square root of the sum of squares of the readings made by the two LVDTs
installed in the vertical and horizontal directions (see Fig. 2a). It is
necessary to note that rectangular cross-sections under torsion are
affected by warping, however, the restrains at the ends of the specimen
in the frame meant that this effect was insignificant. As can be seen in
Fig. 8, specimens T2, T3, T4, T7, T8 and T9 exhibited slip in the
confining frame at the beginning of the tests, which lead to low in-
clinations in the initial parts of their curves. Since all specimens failed in
a brittle manner, the distribution of shear stress in the section remained
close to linear at failure and Eq. (3) can be used to evaluate the specimen
tortional strength. The average torsional strength of the specimens with
the mixed failure was 4.1 MPa and the corresponding average sectional
rotation at failure was 0.22° (see Table 5). The specimens with the
cohesive mode failure showed a slightly higher average torsional
strength of 4.4 MPa and a higher sectional rotation of 0.34°. As a result,
the mixed mode failure was on average weaker and less ductile than the
cohesive failure. The inclination angles of the mixed failure curves were
higher on average, which indicated that the mixed failure mode was
stiffer than the cohesive failure mode.

Specimen  Failure Failure stress Average failure stress Rotational deflection at failure Rotation at failure Average rotational
mode (MPa) (MPa) (mm) (degrees) (degrees)

Tl Cohesive 5.28 4.4 0.57 0.46 0.34

T2 Cohesive 3.78 0.33 0.27

T4 Cohesive 4.92 0.54 0.44

T6 Cohesive 3.96 0.50 0.41

T8 Cohesive 4.74 0.30 0.25

T9 Cohesive 3.58 0.23 0.19

T3 Mixed 4.42 4.1 0.34 0.27 0.22

T5 Mixed 3.97 0.25 0.21

T7 Mixed 3.89 0.24 0.19
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Fig. 8. Torsional stress vs. rotation.
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Fig. 9. Surface shear strain y,, distribution on front face of specimen T6 during cohesive failure.
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Fig. 10. Surface shear strain y,, distribution on front face of specimen T7 during mixed failure.

3.1.3. Surface shear strain

Fig. 9 and Fig. 10 present the distributions of the surface shear
strain, y,,, across the joint obtained using the DIC method for different
stages of testing the specimens T6 and T7. Dashed ovals indicate the
locations of cracks in both figures. Note that specimen T6 failed with the
cohesive mode, while specimen T7 failed with the mixed mode.

Fig. 9 depicts four stages of specimen T6 response to torsion
including the pre-cracking strain stage, the stage at the initiation of the
first inclined crack as well as the pre- and post-failure stages. As can be
seen in Fig. 9a, a zone of high shear strain (reaching y,, = —0.00072)
developed in the lower half of the joint. This zone was part of a high
shear strain band passing through the joint and inclined at about 60° to
the axis of rotation. The development of this band led to the initiation of
the first inclined crack at the bottom side of the specimen as shown in
Fig. 9b when the maximum strain at the joint reached 7,, = —0.00164.
The cracking process was gradual and continued with growing and
branching of the first crack along the high shear strain band towards the
joint. Fig. 9c depicts the pre-failure stage (with y,, = —0.00450 in the
joint) just before the growing crack reached the joint. Failure of the
specimen corresponded with the crack passing through the joint. Fig. 9d
shows the shear strain distribution after specimen failure when the
maximum strain at the joint reached y,, = —0.01730. The presence of
the joint did not compromise the monolithic behaviour of the specimen
under torsion. However, the joint introduced a local change in the di-
rection of the crack, which crossed the joint perpendicularly to its plane.
Although the inclined cracks were typical for the considered loading
conditions, the development of non-uniform shear strain distribution
with inclined high shear strain bands could be caused in the joint by the
proximity of the confining steel frames applying torque nonuniformly on
the specimen.

Fig. 10 depicts the shear strain distribution along the joint in the pre-
and post-failure stages of specimen T7. Two zones of high shear strain
(reaching y,, = —0.00173) at the top and bottom of the joint developed
at the pre-failure stage (see Fig. 10a). These zones were parts of inclined
high shear strain bands. The presence of the joint did not introduce any
localised concentrations in the surface shear strain distribution and the
specimen behaved monolithically until failure. The failure of specimen
T7 was immediate with the main crack developing in the concrete along
the joint from the top zone of high shear strain and three inclined cracks
developing along the joint from its bottom right (see Fig. 10b and image
1 in Fig. 7b). Partial debonding at the epoxy joint occurred (see images 1

10

and 2 of Fig. 7b). The cracks in the right concrete cube were inclined at
about 45° to the axis of rotation. The shear strain reached y,, = —0.0655
at the top of the joint.

It is important to note that the gradual nature of the cohesive failure
mode and the immediate nature of the mixed failure mode indicate the
development of different failure mechanisms. This is supported by the
conclusion made based on the analysis of Fig. 8 that the mixed failure
mode is stiffer and less ductile than the cohesive failure mode.

3.2. Shear capacity of concrete-epoxy bond

As discussed in Section 3.1.1, the mixed failure mode of the joint in
torsion was accompanied by local debonding of the epoxy and concrete
which occurred due to shear (see Fig. 7b and Fig. 10b). The effect of local
debonding of the epoxy layer on the concrete-epoxy bond strength was
examined using the existing experimental data reported by Newlands
et al. [34] and new experimental data from the Push and Pull tests
discussed in Section 2.3.1.

3.2.1. Concrete bonded to concrete

Table 3 contains information from the manufacturer on the strength
of the bond between the epoxy and concrete in the direction normal to
the joint plane. The shear strength of the flat-face concrete joints bonded
by epoxy was investigated by Newlands et al. [34] using the slant and
bi-surface shear tests. Several slant and bi-surface shear specimens
tested in Newlands et al. [34] were made of the same concrete as the
torsion test specimens in this study and their joint surfaces were sand-
blasted and bonded with the same epoxy (i.e., epoxy B in [34]). The
specimens with 3 mm thick joints exhibited either the adhesive failure
mode (i.e., failure in the epoxy layer) or the cohesive failure mode (i.e.,
failure in the concrete on one or both sides of the joint), where the
cohesive failure mode was more dominant. The slant shear test speci-
mens showed a shear strength of 10.9 MPa at the adhesive failure and a
shear strength of 10.1 MPa at the cohesive failure. The bi-surface shear
test specimens showed a shear strength of 7.48 MPa at the adhesive
failure and a shear strength of 5.43 MPa at the cohesive failure. As a
result, the shear strength of the concrete-epoxy bond depends on the
experimental setup and failure mode. As discussed in Newlands et al.
[34], both types of shear tests generated non-uniform distributions of
shear stresses along the joint, although the distribution of shear stresses
in the bi-surface shear test was more even. Compression stresses normal
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to the epoxy joint developed in the slant shear test specimens due to the
experimental setup arrangement. A low span-depth ratio (close to 1) of
the bi-surface shear test specimen introduced the arching effect which
led to the development of compression stresses over a part of the joint.
Since the shear strength in the slant shear tests was higher than in the
bi-surface shear test, it can be concluded that the compression stresses
were higher in the former test and distributed over a relatively larger
part of the joint. Therefore, the results of the slant shear test are not
directly applicable to the analysis of the torsion strength of the
concrete-epoxy joint. The average shear strength of 5.43 MPa obtained
in the cohesive failure mode in the bi-surface shear test is relatively close
to the average torsional strength of 4.4 MPa obtained in the same failure
mode (see Section 3.1.2 and Table 5). Since the torsion test specimens
did not fail with the adhesive mode, the results of the torsion tests
cannot be compared with the higher shear strength of the epoxy-bonded
concrete joint in the adhesive failure mode obtained in the bi-surface
shear test.

Newlands et al. [34] also reported that the increase of joint thickness
increased the occurrence of adhesive shear failure with a rate of over
10% per 1 mm thickness increase. It can therefore be assumed that the
increase in joint thickness would result in the mixed failure mode
becoming dominant and the occurrence of the adhesive failure mode
becoming probable. This assumption, however, is questionable as it is
based on the conclusion obtained disregarding the method of joint
surface preparation and the epoxy mechanical properties. It was also
suggested above that the results of the slant shear test could not be
directly applicable to the analysis of the torsion strength of the
concrete-epoxy joint due to the presence of compression stresses at the
joint. Furthermore, the bi-surface shear test data did not demonstrate a
similar relationship between joint thickness and failure mode.

The data describing the effect of the epoxy material properties (i.e.,
epoxy shear and bond strength) and the method of joint surface prepa-
ration (i.e., no preparation, sandblasting and wire brushing) on the joint
shear strength was inconsistent, which prevented Newlands et al. [34]
from establishing any clear relationships.

Newlands et al. [34] also investigated the effect of the joint area
reduction (including 10% and 50% debonding) on the joint shear
behaviour using the bi-surface shear test. It was reported that the area
reduction weakened the joint. The loss of shear strength of a 2 mm thick
joint was comparable to the debonded area, i.e., a 10% debonding
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resulted in a 15.3% strength loss, while a 50% debonding resulted in a
53.5% strength loss. For the joint with a 10% debonded area, the 1 mm
increase in thickness increased its strength by about 7% leading to a
nearly complete strength recovery in the 4 mm thick joint. The 1 mm
increase in the thickness of the joint with 50% area debonding resulted
in an about 16% strength increase leading to the recovery of more than
half of the lost strength in the 4 mm thick joint. Therefore, it can be
assumed that the increase in joint thickness can compensate the loss of
torsional strength due to partial joint debonding.

A parametric study investigating the effects of aforementioned pa-
rameters on joint torsional response is necessary to establish accurately
the governing parameters and most sensitive ranges of values. Numer-
ical modelling using the finite element method is most suitable for this
purpose as it will allow to explicitly control parametric values.

3.2.2. Concrete bonded to steel

All specimens in the Push and Pull tests failed with the cohesive
mode by the cracking of concrete along the joint. After the failure, a thin
layer of concrete was still attached to the epoxy joint. This concrete layer
contained only cement paste and fine aggregate, while coarse aggregate
remained attached to bulk concrete. Typical states of specimens after the
Push and Pull tests are shown in Fig. 11, where the concrete layers
attached to the epoxy joints are visible in both types of tests. In Fig. 11a,
one slab was removed after specimen failure to show the joint. It is
important to note that the occurrence of the cohesive failure mode of the
steel-concrete joint in all specimens tested justified the assumption that
the bonding strength of the epoxy to steel is much higher than to con-
crete. In both types of tests, the slip displacement of the steel-concrete
joint at specimen failure was smaller than 0.25 mm (in most cases
significantly smaller than this value). This indicated that the response of
the steel-concrete joint was very stiff. The average shear strength of the
steel-concrete joint was 1.73 MPa in the Push tests and 1.75 MPa in the
Pull tests. The consistency in the shear strength values suggests that both
types of tests generated a similar shear stress state at the steel-concrete
joint.

As can be observed, the shear strength of the concrete-epoxy bond
obtained in the Push and Pull tests is much lower than that obtained in
the slant and bi-surface shear tests reported in Newlands et al. [34] and
discussed in Section 3.2.1. Possible reasons for the divergence of shear
strength include fundamental differences in the experimental setups.

(a)

Fig. 11. Typical cohesive failure modes of (a) Push and (b) Pull tests.
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(b)
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The slant and bi-surface shear tests created non-uniform distributions of
shear stresses along the joints as well as applied compression stresses at
the joints perpendicularly to the joint plane. In contrast, the steel side of
the joint in the Push and Pull tests (i.e., steel beam flange or steel plate,
respectively) was very stiff relative to the concrete side (i.e., concrete
slab or concrete prism) leading to a more uniform distribution of shear
stresses along the joint. The Push and Pull tests did not introduce
compression stresses normal to the joint plane and the shear strength of
the concrete-epoxy bond was not enhanced. Consequently, the actual
shear strength of the concrete-epoxy bond could be lower than the
previously reported values, e.g., in Newlands et al. [34]. This conclusion
is supported by the results of the torsion tests, in which the specimens
had a lower average torsional strength of 4.1 MPa in the mixed failure
mode (compared to 4.4 MPa in the cohesive failure mode) due to partial
debonding of the joint by cracking of adjacent concrete (see Sections
3.1.1 and 3.1.2). In addition, this also explains the stiffer and more
brittle response of the mixed failure mode as the concrete-epoxy
debonding is a stiffer and more brittle action than torsional shear
cracking of concrete. During the mixed mode failure of torsion test
specimens, cracks developed along the joint from the high shear zones
because the shear strength of the joint was low. The partial nature of
joint debonding is the result of the nonuniform application of torque by
the torsion rig, which led to the development of bands of high shear
stresses in the specimens. These conclusions are supported by the DIC
observations discussed in Section 3.1.3. It should also be noted that the
debonding of steel-concrete and concrete-concrete joints were accom-
panied by a layer of concrete left on the joint after specimen failure. This
suggests that the failure mechanisms governing the Push and Pull tests
were also present in some torsion tests.

4. Conclusions

This paper investigated the torsional capacity of flat-face concrete
joints bonded by epoxy using a custom experimental setup. The analysis
of the experimental results yielded the following conclusions:

e The specimens failed either in the cohesive or mixed mode, where
the former mode was dominant. The cohesive failure mode was
characterised by the development of cracks in the concrete on one or
both sides of the joint, while the mixed failure mode was charac-
terised by partial debonding of the joint and by the development of
cracks in the concrete on one side of the joint.

In both failure modes, the cracks developed either perpendicularly or
at an angle to the axis of rotation. Most of the crack inclination angles
were in the range between 30° to 60° in the cohesive failure mode
and between 45° to 70° in the mixed failure mode. The cracks usually
extended over 2 or 3 sides of the specimen in a spiral style, often with
changing the inclination angle. At least one inclined crack always
passed through the joint in the cohesive failure mode. The epoxy
joint affected locally the direction of the crack. In the mixed failure,
the inclined cracks were usually connected to the main crack passing
along the joint.

The mixed failure mode specimens were weaker in torsion and
exhibited a stiffer and more brittle response than the cohesive failure
mode specimens. Bands of high shear strain crossing the joint at
angles between 45° to 60° were detected using the DIC method. The
partial debonding of the joint in the mixed failure mode originated at
one of the high shear strain bands.

The bonding strength of the epoxy to concrete was investigated using
the Push and Pull tests. The results of these tests led to the following
findings:

e All specimens in both types of tests failed by debonding in the con-
crete near one of the two joints. The shear strength of the concrete-
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epoxy bond was similar in both types of tests but weaker than the
values reported earlier in scientific literature.

The inherent weakness of the concrete-epoxy bond caused partial
debonding of the joint in the zones of high shear strain observed in
the torsion test specimens that failed with the mixed mode. The stiff
and brittle nature of the concrete-epoxy bond failure explained the
stiffer and more brittle behaviour of specimens that failed with the
mixed mode.
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