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Abstract This paper discusses findings from an
experimental program aimed at investigation of con-
crete breakout failure within the rebar end anchorage
zone of reinforced concrete column-to-foundation
joints, with columns located in proximity of founda-
tion edge/s. A total of four tests on full scale column
foundation joints are presented. In all specimens the
column main reinforcement is anchored in the foun-
dation using post-installed rebar technology. All
connections are designed with the objective to trigger
concrete breakout failure mode within the rebar end
anchorage zone. Finite element analyses were used as
a tool to design the specimens. The paper presents
discussion of the test results within the framework of
expectations outlaid during design of the test
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specimens. The effects of bending compression from
column on the concrete breakout capacity under
influence of foundation edges is the specific focus of
the present investigation. It is shown that the direction
of application of load on the column largely determi-
nes the effect of bending compression from column on
concrete breakout capacity. The test data presented in
this paper offers the necessary benchmark data on
concrete breakout behavior in the case of reinforced
concrete column foundation joints under influence of
foundation edges. This test data along with insights
from finite element analyses is employed to explore
and possibly identify necessary modifications to the
current state-of-the-art consideration of concrete
breakout capacity for reinforced concrete connections.
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Abbreviations

CC Concrete breakout failure associated with
foundation concrete

CFJ  Column foundation joints

FE Finite element

PI Post installed (reinforcement anchorage)

RC Reinforced concrete

MPII Manufacturers product installation instruction
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1 Introduction

Post-installed (PI) reinforcing bar (rebar) systems
enable the installation of rebars into pre-drilled holes
in hardened concrete using injected polymeric mortar.
The experience developed in the last 30 years [1]
made PI rebars a popular solution for the connection of
reinforced concrete (RC) members. Connections with
PI rebars are commonly employed for structural
modifications or strengthening of existing structures.
However, they can also be used in new structures to
optimize the construction flow (e.g., avoiding steel
bars sticking out from formworks to allow connection
of additional reinforced concrete elements) or to solve
issues such as missing rebars or misplacement of
couplers. Common applications are connections
between RC beams/slabs and columns/walls or RC
columns/walls and foundations/slabs. Alternate tech-
nologies to realize connections of pre-cast RC mem-
bers have also been extensively researched (typical
examples in [2-5]). These techniques require suffi-
cient reinforcement anchorage in the base (founda-
tion) member to which the new reinforcement in the
connecting member is spliced or connected using
mechanical couplers within grouted sleeves. PI rebar
technology offers possibility for realizing connections
of rebars to the base members for applying such
technologies in existing structures.

The main difference between cast-in (CI) place and
PI reinforcing bars is the presence of bends/hooks
(e.g., 90° standard bend) in the former case. Providing
bends is not possible with PI reinforcing bars and the
efficiency of the anchorage primarily depends on the
mortar/adhesive and connection geometry. Often the
connection geometry is crucial since small concrete
cover and/or limited embedment length governs the
critical failure modes (e.g., concrete breakout or
splitting). These restrictions are common in beam-
column joints and foundation/slab-column joints with
column located close to an edge (investigated in this
study).

The behavior of the two joints, is however different
because of different boundary conditions. In the
column-foundation joint the column axial load usually
improves the capacity of the connection. In beam
column joint, the concentrated joint shear forces
resulting from connection mechanics are required to
be mitigated [6, 7] to ensure the structural integrity of
the joint region. On the other hand, typical RC column

foundation joints such complex mechanical situation
of concentrated joint shear stresses [8, 9] is absent.

In case of PI reinforcing bar, the constraints on
anchorage length based on the member dimensions
and those on drilling procedures based on minimum
cover requirement could potentially limit the practical
applications. For these reasons, several studies
[10-15] had been performed to assess the behaviour
of RC connection using PI rebar technology. A
comprehensive overview of these available studies in
the context of possible load resistant mechanisms and
the stress distribution within the connection subassem-
bly was presented by Mahadik, et al. [8]. To compare
different rebar end anchorage systems, one needs the
specimen test matrix to span the range of parameters
over which transition of failure modes specific to the
rebar end anchorage zone occurs (i.e., bond failure,
concrete breakout and steel yielding). Details of an
extensive test program (13 full scale tests) on column
foundation joints (CFJ) with specimens designed for
specific failure modes using finite element (FE)
analysis [16] have been presented by Mahadik et al.
[17]. These studies [16, 17] provide the behavioural
database (experimental and numerical), where transi-
tion in failure modes specific to rebar end anchorage
zones is clearly manifested. Such data is vital for
validation of assessment models for different possible
failure modes related to rebar end anchorage zones in
RC connections.

Recent development of system specific assessment
procedures for bond resistance of PI rebar systems
based on European Assessment Document (EAD)
332402 [18] issued by the European Organization of
Technical Assessment (EOTA), provides the neces-
sary window for consideration of realistic bond
behavior in case of PI rebar end anchorage zones.
Comprehensive design procedure for system specific
design of rebar end anchorage zones in RC connec-
tions are made available in the Technical Report (TR)
069 [19]. The development of product specific
assessment and design process for rebar end anchorage
zones has been detailed by Mahadik et al. [1, 20]. The
study presents a comparison of the system specific
design method with other alternatively available
methods for assessment of rebar end anchorage zone
in the light of available test data.

According to the TR-069 [19] design procedure,
concrete cone breakout failure based on provisions
from EN 1992-4 [21] is one of the possible resisting
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mechanism for rebar end anchorage zones. Over a
certain range of (relatively small) straight anchorage
lengths it has been shown experimentally that concrete
breakout failure is crucial [1, 13, 15, 17, 22] and must
be properly accounted [9, 14, 20, 23-25]. This has
been shown to be true based on the straight anchorage
length and is irrespective of whether an anchorage
bend is available or not [1, 22]. Therefore, concrete
breakout failure is considered as a possible mode of
failure in the provisions of EOTA TR 069 [19]. It is
highlighted here that the previous studies on concrete
breakout failures in rebar end anchorage did not
consider any influence of edge proximity. The objec-
tive of the present study is to investigate concrete
breakout failure in rebar end anchorage zones consid-
ering the effect of edge proximity. For rebar end
anchorages, such an investigation is required to be
done systematically in combination of the compres-
sion force resulting from the bending moment in the
column. Such comprehensive investigations which are
largely missing (as per the knowledge of the authors’)
are presented in this paper and shall contribute towards
better perspectives on concrete breakout failures in
rebar end anchorage zones.

2 State-of-the-art concrete breakout model

The general expression for mean value of concrete
breakout resistance for rebars in tension, is provided in
(1) for uncracked concrete condition. A reduction
factor of 0.7 applies when cracked state is assumed for
the anchorage zone. Available studies on CFJ
[8, 10, 13-15, 17, 24, 25], have demonstrated that in
cases of concrete breakout failure of rebar end
anchorage zone, the expression (1) for concrete
breakout resistance provided in EN 1992-4 [21],
provides a reasonably good capacity assessment. The
available data is however limited to cases of column
located away from influence of any edges.

AC.N
NRm,c = Ngm,c ’ AT : lps,N ' lrbre,N ' lrbec,N ! l//m,N [N]
c,N
(1)
where Ny, . = 14.6 - \/fo, - hif'-s ...is the basic break-

out resistance of a single bonded anchor in non-

cracked concrete [N]. f.,, is mean cylinder strength of
concrete (MPa). h,s is the straight anchorage length

(mm). A%y = (2ccr) = (ser)”
projected area of a single anchor (rebar), with
SerN = 2¢cry = 3her. Acy is the projected area of
group of anchors (rebars). ¥, y is the reduction factor

is the reference

to account for the influence of vicinity of edge on
stress distribution. v,, v is the shell spalling factor to
account for dense reinforcement. Not applicable (= 1)
for discussions in the scope of this paper. ¥,y is a
reduction factor to account for the eccentricity of
loading w.r.t. the anchor arrangement. Not applicable
(= 1) for discussions in the scope of this paper. ,, y =

2.0 _#Vhf >1 is an increase factor to account for

beneficial effect of moment loading (bending com-
pression) on the concrete breakout resistance. = 1
under influence of edges. =1 when bending is
accompanied with axial tension. =1 when
z>1.5-hy. z is the internal lever arm between the
tension and compression forces

If the column is located near a foundation edge, a
requirement of which may arise in real construction
situations, the development of a full concrete cone is
restricted by the presence of edges. In such situation,
the reducing effect of the edge on the concrete cone
breakout resistance is considered through a combina-
tion of three factors: (i) the projected area Ay is
reduced depending on edge presence w.r.t. the
anchored rebars, (ii) reduction factor Vy applies in
case of edge vicinity to account for the disturbance of
stresses and (iii) the beneficial effect of bending
compression through factor ,, is not applicable
(= 1). The consideration of the effects of edge
presence on concrete breakout resistance through the
parameters A.y and V is done in a harmonious and
integrated manner [26, 27]. In a way the two param-
eters are complementary to one another in assessment
of the breakout resistance. The effect of bending
compression through the factor ,,y is accounted for
in an independent manner. Such effect of bending
compression, although accounted for in EN 1992-4
[21], is not considered in the provisions of ACI 318
[28]. It has been shown [1, 17, 20] that a consideration
of effects of bending compression on concrete break-
out resistance is required for a realistic assessment of
test data showing concrete breakout failure.

PIEM
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3 Research motivation and objective

Sufficient test and numerical database are available for
consideration of effect of bending compression on
concrete breakout resistance in case when the anchor-
age zone is away from any influence of edges. The
database on effects of bending compression on
concrete breakout resistance under the influence of
edge vicinity is largely absent [8, 13—15, 17]. Conse-
quently, the factor ,, is conservatively assumed to
be = 1. The objective of this paper is to investigate
possible effects of bending compression on concrete
breakout resistance of anchorage zone under influence
from edges in vicinity. CFJ with column placed near
the foundation edge are considered. A special appli-
cation case in which the column surface at the edge is
flushed with the foundation edge surface is considered,
since it is most critical for possible influences of edge
presence on concrete breakout resistance. FE studies
are conducted for designing suitable specimens in a
benchmark test program. In this process, the direction
of the applied horizontal load on the column is
concluded to be the controlling parameter. Test
specimens (total of 4 full scale column foundation
joints) designed based on FE analyses are subjected to
monotonically increasing column horizontal displace-
ment to evaluate the actual response. The paper
discusses the details of the test procedure and presents
the findings. Combined insights from the test data and
FE studies are discussed.

4 Test program: design of specimens
4.1 FE modelling approach and validation

FE modelling and analysis was used to design
specimens. The FE approach (modelling procedure
and solvers) used in previous studies [8, 16, 17] has
been adopted. The FE model was generated using the
pre-processing interface of commercially available
software FEMAP [29]. The program MASA [30] was
used as a FE solver, the results from which were
visualized in post-processing using FEMAP [29].
Concrete was modelled using 4 node tetrahedral
elements with 3 degrees of freedom at each node.
The microplane model with relaxed kinematic con-
straints [31] was used as a material law. The input
stress—strain curves for concrete corresponding to the

material properties used in the analyses are shown in
Fig. 1a. The main reinforcement bars of the column,
with end anchorage in the foundation were modelled
using hexahedral elements with 3 degrees of freedom
at each node. Von-Mises based criteria was used for
defining the nonlinear behavior expressed using a
trilinear assumption as shown in Fig. 1b. A contact
layer with hexahedral elements was modelled between
the rebars and concrete, within which bar elements
were used to define the multi-linear bond-slip relation
governing the contact. The bond slip law correspond-
ing to the post-installed rebar anchorage system used
in the present study was obtained based on the
confined tests on single post installed rebars showing
pure bond pull out failure.

Since the focus of the present study is the simula-
tion of concrete breakout failure, the specimens with
post-installed rebar anchorage using a high strength PI
rebar system failing with concrete breakout as the
dominant resistant mechanism were considered. The
PI specimens with an anchorage length of 250 mm
(CFJ-PI-4D25-L.250, monotonic: MON and cyclic:
CYC [17]) showed concrete breakout as the dominant
failure mode in the experiments. A comparison of test
results with the FE simulation using a half model from
the previous study (FE-Half) is reproduced in Fig. 2. It
is noted that in the FE analysis only monotonically
increasing displacement was applied.

The present study aims at investigating concrete
breakout failure in the vicinity of edges. Therefore,
depending on the direction of the load on the column,
in some cases, it would not be possible to take
advantage of symmetry in the FE modelling. Hence, a
full FE model is considered in contrast to half models
used in the previous study [17].

4.2 FE studies for specimen design

The CFJ-PI-4D25-L.250 specimen [17] considered for
validation, serve as a reference specimen (no edge
influence) in this study. All specimens considered in
the present paper have the same column configuration,
CFJ-4D25 (300 x 300 mm column with 4-25 mm
bars) with column main bars anchored using the same
post-installed rebar system (having confined bond
strength in the range of 30-35 MPa) used in the
previous study [17] with anchorage length of 250 mm.
For CFJ, two edge proximity scenarios are practically
possible: (i) Side situation—one edge in proximity and
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(ii) Corner situation—two adjacent edges in proxim-
ity. Depending on the direction of column horizontal
load relative to the orientation of the foundation edge,
distinctly different concrete breakout scenarios result.
These differences are manifested as truncated pro-
jected concrete cone areas as schematically repre-
sented in Fig. 3, where the plane containing the
tension rebars and the projected concrete cone break-
out area on the foundation surface is shown for each
case. A system of nomenclature used in this study for
identifying all relevant parameters is also explained in
Fig. 3. The term edge offset, defined as the distance of
the foundation edge from the face of the column is
used to define the edge distance. In case of the corner
situation, equal edge offsets are considered in the
present study.

To evaluate the effects of edge influence on
concrete breakout resistance, it is intuitive that the
case with edge offset equal to zero offers the worst-
case influence. To this end, in FE analyses, the column
placed in a way that the face of the column and
foundation is flushed together is considered i.e. X = 0
in Fig. 3. This corresponds to an edge distance of

50 mm for the outermost column main rebar. The 5
different edge scenarios in Fig. 3 for X =0 were
considered in the FE analytical matrix in order to get
insights into the possible response. The resulting
proposal for benchmark testing is discussed.

The boundary conditions used in the FE models
compatible with the recommendations [8] suggested
for simulation of mechanical state in case of column
foundation joint for the 5 cases are presented in
Fig. 4a. Horizontal restraints were applied to the
vertical edges of foundation transverse to the loading
direction in a manner that they do not interfere with the
anchorage zone behavior. Vertical restraint was
applied on the top surface of the foundation along its
edges as shown schematically in Fig. 4a. Monotoni-
cally increasing horizontal displacements in direction
as required for each case were applied to the column at
the top. It is noted that the column axial load is not
applied in any case, because zero column axial load
presents the most critical situation [1, 17, 20] for
concrete breakout failure in the foundation. Column
axial load equal to zero, facilitates the triggering of the

CH-0-DI

™~

Loading direction relative to edge

DI = Column loaded Inside w.r.t. edge
DO= Column loaded Outside wir.t. edge
DP = Column loaded Parallel w.r.t. edge

ﬂ, Ce;-e,: Edge offsets, ¢, and ¢, [mm)]
> ® ° H = no edge influence
€2 CH-0 means presence of one edge
4-25¢ 300 with offset of Omm
° ° C0-0 means presence of two edges
i e, each with offset of Omm

1
Side Situation 1
1

__________________

Reference Case,
No Edge Influence,
1

1 One edge in vicinity !
v Edge offset =Xmm !

7_,|:|

CH-H-D
Directions I, O and

CH-X-DO

P are equivalent

CX-X-DI

. L
Corner Situation

2 edges in vicinity i
Edge offset =Xmm!

1
1
CX-X-DO i
1
1

Fig. 3 Schematic representation of varying parameters and nomenclature used in the present study
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Fig. 4 Boundary conditions in FE analysis and load displacement results

concrete breakout failure which is the subject in this
paper.

The load displacement curves obtained from FE
analyses for the 3 cases of “Side Situation” and two
cases of “Corner Situation” are compared with the
reference case (no edge influence) in Fig. 4b, ¢
respectively. Concrete breakout failure was observed
in all analyses. The effect of influence from edges is
clearly seen to reduce the concrete breakout resistance
in all cases when compared to the reference case with
no edge influence. The presence of foundation edge in
vicinity of the rebar end anchorage zone leads to
truncation of concrete breakout cone, thereby reducing
the effective rebar tension force at which concrete
breakout failure occurs. A particularly distinct
response was observed for cases in which the column

was loaded towards the inside w.r.t. the edge (CH-0-
DI and C0-0-DI) in comparison to all other cases. The
load displacement response showed two well defined
peaks. The first peak was caused by formation of
concrete breakout cracks on the foundation edge
behind the column. Following the drop after the first
peak, the load capacity increased because of the
stabilization of strut offered by the bending compres-
sion force.

In order to provide a perspective on the influence of
bending compression on concrete breakout capacity
based on FE results, the expression (1) is rearranged as
shown in (2) in order to evaluate the factor y,, 5 based
on the rebar tension force evaluated in the FE analyses.
A summary of FE results is provided in Table 1. The
value of ,,y evaluated from each analysis is

=
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presented. Furthermore, the applicable value of ,, v
as per provisions of EN 1992-4 [21] is also included
for comparison.

NR,cc

0 A,
NRm,c ﬁ : lps,N : l//reA,N : l/jec,N

lPnuv = (2)

where Ng . is the rebar tension force evaluated in FE
analyses for concrete breakout failure mode (N). All
other terms are as defined in (1).

As discussed earlier and pointed out in Table 1, EN-
1992-4 [21] recommends a value of i, y = 1.0 for all
cases with edge proximity. The value of ¥, \, from FE
evaluation in all cases with edge proximity was found
to be greater than 1. Furthermore, for all cases with
edge proximity except for CH-0-DO, the value of ,,, v
from FE analysis was found to be higher than the value
of i, y recommended by EN-1992-4 [21] for the case
with no-edge influence (CH-H-D (REF)). To confirm
the correctness of these observations, benchmark test
program involving monotonic tests on 4 full scale
column foundation joints was taken up. The cases CH-
0-DI, CH-0-DO, CH-0-DP and C0-0-DO were tested.

The details of the experimental program are
provided in the following section. The collective
insights from FE analysis and experimental findings is
discussed later in Fig. 7. In these discussions the
influence of bending compression on concrete break-
out resistance for PI rebar end anchorages under the
influence of foundation edges is clearly identified.

Table 1 Summary of FE results

5 Test procedure and results
5.1 Preparation of specimens

The test set-up was designed to simulate the boundary
conditions as schematically shown in Fig. 4a. The
shape of the geometries used in the FE model are such
that, restraining the torsional movements of the
specimen about the vertical axis is practically chal-
lenging, and may likely cause localized damage at the
restrained location due to rigid body rotation of the
dissymmetrical specimens. This is particularly critical
for specimen with loading parallel to the edge and the
corner specimen. In order to solve this issue, the
bottom of the foundation block was kept 1400 mm x

1400 mm for all the specimens, with the column
(300mmx300mm section) located at the geometric
center of the plan. In order to realize the required
foundation edges, step was introduced in the founda-
tion block. The total height of the foundation block
and the height of the step was kept 500 mm and
200 mm respectively for all the specimens (with two
sides for the corner specimen). This provided an edge
depth of 300 mm along the anchorage length of
250 mm in all cases. The resulting shapes of the
specimens can be seen in Fig. 5. A photograph of the
test set up and the specimen geometry for case CH25-
DP is also shown. The step facilitated the application
of boundary conditions (see Fig. 5) representative of
that used in FE simulations (see Fig. 4a). For all
specimens, the foundation slab was reinforced with
12 mm rebars as top and bottom surface reinforcement
provided in form of hoops, spaced at 150 mm in both

ID Peak colm. Displacement at peak  Peak interface Rebar tension V., as per  Applicable ,, v
load (kN) load (mm) moment (kN m) force (kN) OIS [21] ()
CH-H-D  59.02 36.0 100.33 445.93 1.36 1.40
(REF)
CH-0-DI  30.52 33.0 51.89 230.60 1.68 1.00
CH-0-DO  38.13 235 64.83 288.12 1.18 1.00
CH-0-DP  38.05 20.0 64.69 287.50 1.81 1.00
C0-0-DI 19.73 36.0 33.54 149.06 1.65 1.00
C0-0-DO  26.35 30.0 44.79 199.07 1.50 1.00
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Fig. 5 Schematic representation of Specimen shapes, boundary and loading conditions in tests



119 Page 10 of 18

Materials and Structures (2023) 56:119

directions. 10 mm stirrups spaced at 125 mm were
used as transverse reinforcement for all columns.
Achieving the zero edge offset as used in the FE
analysis was practically challenging given the location
of foundation reinforcement at edge and practical
cover requirements, particularly for the case of column
in the corner. An edge offset of 25 mm was the
minimum practically possible dimension for this case.
Hence in all the four specimens the offset (parameter
X in Fig. 3) was made 25 mm.

The casting of specimens was made in two stages. In
the first stage, the foundations were cast using the same
concrete batch at a precast concrete manufacturer. At
foundation concrete age of about seven weeks, the
longitudinal bars of columns were post-installed. Prior
to installation, all longitudinal rebars were prepared in
laboratory with two strain gauges (installed on dia-
metrically opposite points on the circumference of the
rebar at a distance of 275 mm from the anchored end),
to measure the rebar strains at the column section just
outside the foundation/column interface.

The rebars were installed according to Manufacturer
Product Installation Instruction (MPII) of the adhesive.
For installation of the 25 mm rebars, borehole of
diameter 32 mm were drilled at the desired location in
each foundation. The holes were cleaned using passing of
compressed air and brushing (2 4+ 2 4 2) as recom-
mended in MPII. The anchorage length (borehole depth)
was 250 mm in all tests. The holes were filled with post
installation adhesive in sufficient amount using the tools
available from the manufacturer which avoided any air
gaps for deep anchorage lengths. The longitudinal bars
were inserted in an orientation that resulted in all strain
gauges positioned in the same direction with respect to
the edge of the specimen. The bars were maintained in
vertical position with wood wedges. After 18 h of curing,
stirrups were fixed to the rebars and column formworks
were prepared. In the second stage, the columns were cast
about 24 h after installation of the rebars.

Concrete cubes (side 150 mm) and cylinder (height
300 mm, diameter 150 mm) were cast to evaluate the
compression and tensile strength respectively for the
concrete batches. The average compressive strengths
were 22.4 MPa and 29.6 MPa for the foundation and
for the columns respectively. The average splitting
tensile strength of the foundation at the time of testing
was 1.5 MPa. Steel B5S00B was employed for the
column main reinforcement. The yield and ultimate

strength of the PI rebars were 564.2 MPa and
656.8 MPa respectively.

5.2 Test set-up, instrumentation and loading

The tests were performed using a test set up arrange-
ment as shown in Fig. S5e. The specimens were
positioned so that the vertical axis of the column
intersected the horizontal axis of the actuator. Hori-
zontal and vertical restraints as shown in Fig. 5 were
applied using an arrangement of steel beams tied to the
strong floor using tie rods. The actuator was connected
to the column through a fixture attached to the column
at a distance of 1.7 m above the top surface of the
foundation. The tests were displacement controlled.
A total of 18 LVDTs were used to measure the
specimen response of each test. For each specimen the
arrangement of the instruments (see Fig. 6) was done
for three measuring objectives: (i) measurement of
column rotation for the critical section along three
planes in the loading direction using 3 pairs of
instruments labelled as R (in green) (ii) measurement
of splitting crack widths on the foundation surface and
edge depending on the expected occurrence of cracks
based on FE results using instruments labelled as S (in
red) and (iii) measurement of uplift of the foundation
top surface w.r.t the test floor using instruments
labelled as U (in blue). Each instrument is identified
based on the objective of the measurements (R, S or U
and the relative position (i.e. N = north; S = south...,
D = diagonal) plus an additional number in case of
multiple measurements if applicable. In addition to the
displacement measurements, the load and displace-
ment of the actuator and eight strain gauges’ (two on
each longitudinal bar of the column) readings were
recorded with HBM Spider 8 data acquisition system.

5.3 Combined insights from tests and FE analysis

The experimental results in all cases were found to be
comparable with the FE analyses used to design the
test program. Behavior of each specimen based on the
combined insights from FE analysis and test is
discussed in this section. It is noted that the discussions
presented in this section considers comparison of
response of specimens tested with an edge off-
set = 25 mm with FE analyses conducted using an
edge offset of 0 mm.
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Fig. 6 Schematic arrangement of instrumentation for measuring displacements and crack widths

A summary of all test results relevant for the
discussion is presented in Table 2. The peak load,
displacement at the peak load, total tension force in
column main rebars calculated from peak bending
moment (M) and also from strain gauges measure-
ments (SG) are presented. The ratio of peak tensile
stress in the rebar and the design yield strength of
rebars show that yielding of rebars did not occur in any
of the tests. All specimens exhibited clear concrete
cone (CC) failure.

Each specimen is characterized with a distinct
fracture surface of concrete cone breakout which is a
function of the loading direction and the relative
position of edge/s w.r.t. the anchored rebars in tension.

The observed load—displacement response and crack
patterns for the specimens (test and FE) are summa-
rized in Fig. 7. Insights obtained from the measure-
ments made during the tests that help to understand the
characteristics of concrete breakout failure in each
case are discussed for each specimen.

5.3.1 CH-25-DO: test results

The load displacement behavior and the crack pattern
observed in the test and FE analysis for the specimen
with a side edge loaded towards the edge are shown in
Fig. 7a. The peak capacity in tests was observed to be
lower in comparison to the FE results, with an
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Table 2 Maximum load and displacement at the peak load measured in the experimental tests

Specimen Peak load (kN) Displacement @peak load (mm) Rebar tension M (SG) (kN) Rebar stress/fyq Failure
M (SG) (-)

CH-25-DO 35.95 22.96 137 (142.2) 64.2% (66.6%) CcC

CH-25-DI 38.65 26.76 149.1 (142.3) 69.9% (66.7) CC

CH-25-DP 43.92 34.85 169.7 (175.5) 79.5% (82.2%) CC

C25-25-DO  30.35 32.78 117.2 (83.8) 54.9% (54.9%) CC

CC concrete cone

overestimation of the load of about 12%. This
indicates that the FE modelling is affected by certain
influences that play a crucial role in the present case.
On the other side, the crack pattern in the FE analysis
was found to be comparable to the test observations.

The failure of this this specimen is characterized
with three distinct features:

(i) Formation of a large breakout cone in the
foundation region behind the column, as
clearly shown by the crack pattern (Fig. 7a).

(i)  Splitting tensile failure at the foundation edge
location in the rebar end anchorage zone
under the bending compression stresses from
the column. This effect is evident in measured
vertical crack widths using instruments
(SWD and SWU, see Fig. 6a). A superposi-
tion of observed splitting tension crack
widths plotted on a secondary scale with the
load displacement curve is shown in Fig. 8a.
An increase of splitting crack widths follow-
ing the peak load can be clearly observed.
This indicates that the splitting tensile failure
at the foundation edge under the bending
compression from the column played a sig-
nificant role in the response in this case. It is
likely that this effect was overestimated in the
FE modelling approach.

(iii) Concrete edge movements observed using
instruments to measure crack width on the
foundation top surface are shown in Fig. 8b.
S-NA and S-SA represents sum total of the
movements measured respectively at the
north and south of the column, along the
direction of load (i.e. sum of readings from
the pair SNE-SNW and SSE-SSW respec-
tively). S-ND and S-SD represent the crack

PIEM

width in the diagonal direction at the north
and south side of the column. It is observed
that the relative movements of the foundation
in vicinity of the column along the edge
tended to stabilize in the post peak region.
This indicates a rigid body translation of the
entire rebar end anchorage zone, which was
manifested in monotonically increasing diag-
onal movements which were observed to
occur at the same time.

5.3.2 CH-25-DI: test results

The load displacement behavior and the crack pattern
observed in the test and FE analysis for the specimen
with a side edge loaded away from the edge are shown
in Fig. 7b. The peak capacity in tests (off-
set = 25 mm) is greater (17%) compared to that
evaluated in FE analysis (offset = 0 mm) as expected
because of the relatively lower concrete strengths used
in the analysis. The crack pattern observed in the tests
was similar to that obtained from FE analysis.

The failure of this specimen was characterized by
the following distinct features:

(i) Local drop (kink) in the load displacement
curve corresponding to the Ist crack in the
diagonal direction (V shaped) at the founda-
tion edge. The measured uplift at different
location and the width of splitting cracks
developing parallel to the tension reinforce-
ment on the north and south side are presented
in Fig. 9. It can be seen that the load drop
corresponding to first crack coincides with a
sudden increase in measured uplifts and the
splitting crack widths.



Materials and Structures (2023) 56:119 Page 13 of 18 119

CHI4DICHDO0

0 10 20 30 40 50 60
Displacement [mm]

(a) CH-25-DO

0 -
0 10 20 30 40

Displacement [mm]

(b) CH-25-DI

20 30 40
Displacement [mm]

(c) CH-25-DP
L]
e
}‘ —
Al
==
B

20 30 40
Displacement [mm]

(d) C25-25-DO
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(i)  Stabilization of compression strut and its con- the strut was accompanied by increasing crack
sequent failure: Following the 1st crack, the load widths and uplifts as observed in Fig. 9.

increased, until the peak was reached after
which the drop of load was relatively fast,
accompanied by extensive damage at the foun-
dation edge. This increase of load after 1st crack
is attributed to the stabilization of the compres-
sive strut between the anchored rebars in tension
and the bending compression of column in the
rebar end anchorage zone. At the peak load this
strut failed and resulted in the sudden drop in the
load. The stabilization and subsequent failure of

5.3.3 CH-25-DP: test results

The load displacement behavior and the crack pattern
observed in the test and FE analysis for specimen
loaded parallel to the edge are shown in Fig. 7c. The
experimental peak capacity (offset =25 mm) was
greater (9%) than that evaluated in FE analysis
(offset = 0 mm). The crack pattern observed in the
tests was similar to that obtained from FE analysis.

PIEM
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The failure of this specimen was characterized by
the following distinct features:

(i) Typical concrete cone formation cracks start-
ing from the anchored end of the rebars were
clearly visible. The diagonal crack represent-
ing splitting tension failure of the compression
strut formed in the rebar anchorage zone was
also clearly visible on the foundation edge.

The initial damage prior to reaching the peak
capacity was observed mainly on the edge of
the foundation. In the post-peak region, the
damage propagated into the inner region of the
foundation. This is reflected better in the
recorded crack width and rebar tension strain
readings during the test as presented in Fig. 10.
The primary radial crack through the plane
containing the rebars manifested on the foun-
dation edge as a vertical crack along the
anchored tension rebar. The crack deviated at
approximately 120° into the inside region of
the foundation as seen in Fig. 7c. The corre-
sponding crack widths (see Fig. 10a) were
measured using S-SE-U and S-SE-D at the
foundation edge (plotted as red curves) and
using S-Di-100 and S-Di-250 (plotted with
blue curve) in the inside region of the founda-
tion. The strain in tension rebar located at the
edge (in blue) and that located on the inside (in
red) are presented in Fig. 10b. It is seen that
the splitting crack widths at the edge tend to
stabilize in the post peak region while those on

(ii)
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(a) Splitting crack width: edge vs inside

Fig. 10 Crack width and rebar strain recorded for CH-25-DP

the inside show monotonic increase. Also the
strain observed for the internal rebar follows
the load—displacement curve closely in the
post peak region. This clearly indicates a
transfer of load carrying mechanism to the
inside region of the foundation following the
peak capacity.

5.3.4 C25-25-DO: test results

The load displacement behavior and the crack pattern
observed in the test and FE analysis for the specimen
with corner situation loaded towards the edge are
shown in Fig. 7d. The peak capacity in tests (off-
set = 25 mm) was greater (5%) compared to that
evaluated in FE analysis (offset = 0 mm). The crack
pattern observed in the tests was comparable to that
obtained from FE analysis.

The specimen represented a superposition of the
cases CH-25-DO and CH-25-DP discussed in the
previous sections. The characteristic features from the
test CH-25-DO as well as CH-25-DP as discussed
above were observed for this specimen. The failure in
this case was characterized by a combination of
(i) splitting tension failure in the anchorage zone
region at the foundation edge right below the bending
compression from the column, (ii) concrete edge
movements in the direction of loading and (iii)
developing of the splitting crack passing through the
plane of tension rebars deviating at approximately
120° into the inside of the foundation which was
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(b) Rebar strain: edge vs inside
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responsible for transferring the load to the inner region
of the foundation. Thus, the negative influences of the
configuration CH-25-DO and the positive influences
from CH-25-DP were combined in this special case.

6 Discussions in the light of concrete breakout
theory

The objective of this research was to study the
concrete breakout behavior in rebar end anchorage
zones with edge proximity. It is noted here that in pre-
test FE studies, an edge offset of 0 mm was used,
while the same was 25 mm in tests. Furthermore, there
is a slight difference in material properties of concrete
evaluated in experiments (f cx, = 17.9 MPa and f.
exp = 1.5 MPa) and used in pre-test FE analysis
(fere = 20 MPa and f s = 2.2 MPa). In line with
the expectations, the pre-test FE simulation are found
to be underestimates (range of &+ 15%) of the test
results in all cases except for CH25-DO. For the case
of CH25-DO, the capacity of localized concrete
splitting failure under the bending compression load
of the column was likely overestimated in the FE
analysis leading to the observed discrepancy. Like the
case with evaluation of FE results, the factor ,, y as
applicable for the different tested cases are evaluated
using (2). A summary of perspectives on the quantifi-
cation of the factor ,, y is presented in Table 3. The
factors v, y derived from the FE simulations and the
experiments are compared. In all cases, with the only
exception of the reference specimen, the factor
Y,y = 1.0 is recommended by EOTA TR 069 [19]
and EN 1992-4 [21]. However, as shown in Table 3,
the numerical simulations as well as the experimental

results indicate that in general the concrete breakout
resistance is increased by a factor ¥, y > 1.0 for most
of the cases. It is interesting to observe that in the
cases, where the concrete strut forming between the
anchored end of tension rebars and the bending
compression zone of the column is confined through
continuity of foundation (i.e., cases CH-25-DI, CH-
25-DP and C25-25-DI) the factor ,,,  is at least of the
same order of magnitude as for reference case (with no
edge influence). The case CH-25-DO was observed to
be an exception. The value of increasing factor v,  is
rather close to the unity. The case with outwards
loading in the case of a side edge situation resulted in
localized compressive stresses from column bending
in the edge region. Because of the discontinuity in the
foundation only limited confinement was available for
the strut. This resulted in premature splitting tension
failure in the localized region at the edge. Hence,
beneficial effects of bending compression did not
realize.

7 Concluding remarks

The objective of this paper was to discuss the
benchmark experiments performed to obtain test data
on behavioral perspectives on concrete breakout
failure in column foundation joints subjected to
proximity of foundation edge/s, which currently is
not available. To this end FE studies were conducted
on 6 cases which covered all possible edge proximity
situations for column foundation joints. A total of 4
full scale experiments were conducted in this inves-
tigation. The main conclusions from the present study
are summarized in the following points:

Table 3 Summarized insights on quantification of ,, y: FE versus tests versus recommendation [19, 21]

1D Wy as per (2) from FE (-) W, as per (2) from Exp (-) Applicable ¥, y[21] (=) Von p/ Y FE
=

CH-H-D (REF) 1.36 1.59 1.40 1.17

CH-25-DI 1.68 1.97 1.00 1.17

CH-25-DO 1.18 1.05 1.00 0.89

CH-25-DP 1.81 1.97 1.00 1.09

C25-25-DI 1.65 Not available 1.00 -

C25-25-DO 1.50 1.58 1.00 1.05
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e FE analysis was used for the design and selection
of specimens for testing in this paper. The com-
parison between FE pre-test analysis and experi-
mental results shows that the adopted methodology
of using FE analysis as a tool in combination with
carefully selected benchmark experiments works
in an efficient manner.

e Perspectives on the increasing factor applicable to
concrete breakout resistance (i, 5) Wwhich
accounts for the effect of bending compression
were obtained for different cases of edge proximity
and loading directions. The case with a side edge
and column loaded in an outwards direction (CH-
25-DO) was found to provide worst influence of
edge proximity. The value of increasing factor in
this case was found to be equal to 1.0 (means no
increasing factor). FE studies and recorded mea-
surements revealed that this was primarily caused
because the edge location negatively influenced
the stability of the strut.

e In other cases of edge proximity (i.e., loading
parallel to the edge or perpendicular away from the
edge), the increasing factor evaluated from test and
FE results were found to be on the same level to
those provided by available expression of EN
1992-4. Therefore, in such cases the limitation of
Vmny =10 leads to conservative capacity
assessments.

e The results of PI anchorage presented in this paper
are applicable to specific epoxy-based system
employed in the present work and may not be
generalized owing to product dependencies in case
of PI adhesive systems. Additional investigations
are required to generalize the conclusions of this
study.

e In particular, the specimens investigated in this
paper were designed to preclude all failure modes
other than concrete breakout. In general, however,
other failure modes (e.g. bond, rebar yielding) can
govern the system response. At the system level,
for the given material parameters and geometric
configuration, all possible modes of failure are
required to be compared and depending on the
failure hierarchy [1, 20], the governing mode of
failure and the system response can be estimated.
To avoid failures in the anchorage zone and ensure
ductile behaviour of the connections, it is desired
that steel yielding is the governing failure mode in
connection design.
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