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Abstract

Post-installed rebars are extensively used in the strengthening and rehabilitation of con-
crete structures, where compressive stresses in the anchorage zone provide transverse
pressure and significantly affect bond behavior. However, it remains unclear how different
transverse pressure conditions, particularly one-way and two-way transverse pressure,
influence the bonding behavior of post-installed rebars and how their effects differ. To
address this gap, this study investigates the effects of one-way and two-way transverse
pressure on the bond mechanism and failure mode of post-installed rebars. To achieve this,
22 pull-out tests were carried out under two transverse pressure configurations, namely
one-way and two-way transverse pressure, with pressure levels ranging from 0 to 12 MPa.
The results show that, without confinement, concrete splitting was the dominant failure
mode, whereas under transverse pressure, failure shifted to adhesive failure or adhesive—
rebar interface failure. Transverse pressure significantly improved bond strength, with
maximum increases of 49.9% under one-way transverse pressure and 82.9% under two-way
transverse pressure. Both the transverse pressure configuration and pressure level had a
significant influence on failure evolution and bond performance. In general, increasing
the pressure level enhanced the interfacial bonding capacity; however, one-way transverse
pressure tended to induce stress concentration in the adhesive layer, thereby promoting
adhesive-related failure. These findings clarify the role of transverse pressure conditions
in the anchorage behavior of post-installed rebars and provide a basis for the design and
analysis of post-installed rebar anchorage systems.

Keywords: post-installed rebar; transverse pressure; pull-out test; failure mode; bond strength

1. Introduction

Post-installed rebars are widely used in the strengthening and retrofitting of concrete
structures, primarily to connect newly added components to existing structural members.
In engineering applications involving post-installed rebars in newly constructed beam-—
column joints, wall-slab joints, and column—foundation joints, the anchorage substrate (e.g.,
columns and walls) is subjected to structural loads, which place the concrete surrounding
the post-installed rebars under compression. Drilling holes for rebar installation leads to
stress release in the surrounding concrete, while the tensile action of the post-installed
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Rebar rib
(a)

rebars induces outward radial components. The compressed concrete provides a confining
reaction that restrains the radial deformation of the adhesive layer (Figure 1) [1-3]. In
addition, the anchorage concrete is subjected to sustained loads, under which the trans-
verse pressure exerted by the compressed concrete around the drilled hole may gradually
recover [4]. For primary load-bearing members such as columns and walls, the sectional
compressive stress can reach up to 0.5 foy (feu: concrete cube compressive strength) [5],
resulting in a non-negligible confining effect on the anchorage performance of post-installed
rebars [6,7]. However, Eurocode EN 1992-1-1 [8], which the post-installed rebar is designed
according to, has limited the accounted transverse pressure effect to 7.5 MPa. However,
the favorable effect of transverse pressure has been most considered in codes and studies,
regardless of the adverse effect from excessive transverse pressure.
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Figure 1. Confinement to anchorage: (a) rebar rib effect and (b) transverse pressure.

Solid experimental results have evidenced the favorable effect of transverse pressure
on the splitting resistance of the substrate concrete and increases in the bond strength of
post-installed rebars [9,10]. However, further studies have shown that excessive one-way
transverse pressure can decrease the splitting resistance of cast-in rebars [4,9,10]. For post-
installed rebar cases, studies [3,11-14] show that one-way transverse pressure can result in
excessive stress concentration and damage the adhesive component, with behaviours like
the following: post-installed rebars may experience failure within the adhesive layer or at
the adhesive-rebar (A-R) interface, exhibiting failure modes and anchorage performances
that are distinctly different from those observed under unconstrained conditions. The
current findings indicate that transverse pressure’s effects on post-installed rebars differ,
especially under one-way and two-way transverse pressure conditions.

According to the direction of action, transverse pressure can be classified into one-
way confinement (e.g., in beam-column joints) and two-way confinement, as illustrated
in Figure 2. Experimental results reported by Gao and Yang [11,12] indicate that a post-
installed rebar fails through concrete splitting under unconfined conditions (the edge
distance and rebar diameter configuration were intentionally designed to be insufficient to
better highlight the favorable effect of transverse pressure on splitting resistance), whereas
under one-way confinement, failure modes such as fragmentation of the adhesive layer
or shearing and scraping of the adhesive by the transverse ribs of the rebar are observed.
Xiang [13] reported similar findings for two-way confinement, with experimental re-
sults showing higher bond strength compared with one-way confinement; however, a
more in-depth comparative analysis was not provided. On this basis, Zhao, Yang, and
co-workers [14,15] investigated the influencing factors, bond-slip behavior, and failure
mechanisms of post-installed rebars under one-way confinement. By analyzing the stress
distribution within the adhesive layer and the surrounding concrete, they concluded that
stress concentration induced by confinement is the primary cause of adhesive failure. Fur-
thermore, Zhao et al. [3] summarized adhesive failure as a combined result of splitting
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cracks and transverse cracks, incorporating internal damage within the adhesive layer, and
established a classification of pull-out failure modes for post-installed rebars. A summary
of these studies is shown in Table 1.
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Figure 2. Transverse pressure directions.

Table 1. Summary of relevant studies.

Author(s) Main Conclusion
Gao and Yang [11,12] adhesive component fractures under one-way transverse pressure
Xiang [13] adhesive component fracturing is also found under two-way transverse pressure
Zhao [14,15] stress concentration caused by one-way transverse pressure is the main cause of

adhesive component fracturing

The above studies provide a relatively comprehensive discussion on the anchorage
performance of post-installed rebars under transverse pressure and its influencing factors,
consistently demonstrating that confinement has a pronounced effect on both failure modes
and bond behavior under tensile loading. Nevertheless, existing research mainly focuses on
the effects of one-way confinement, with limited investigation into two-way confinement.
Consequently, the differences in the underlying mechanisms governing post-installed
rebars under one-way and two-way confinement remain unclear. In engineering practice,
a qualitative understanding of the influence of confinement conditions on post-installed
rebars is still lacking, and the uncertainty surrounding failure modes and bond behavior
may significantly compromise the reliability of post-installed rebar design.

Cast-in reinforcement and post-installed rebars share similar anchorage mechanisms,
and extensive studies have been conducted on the influence of transverse pressure. The
results reported by Gambarova and Robins [16,17] indicate that relatively low levels of
one-way confinement (with stress levels lower than 0.5 times the compressive strength of
concrete) can enhance the splitting resistance of concrete and increase bond strength. When
the level of one-way confinement exceeds 0.5 times the concrete’s compressive strength,
the bond strength decreases with increasing confinement levels. Gambarova et al. [18]
attributed this phenomenon to excessive Poisson effects induced by one-way confinement.
Studies by Malvar, Xu, and others [5,7,19-21] on the effects of two-way confinement on
cast-in-place reinforcement demonstrate that two-way confinement is more effective than
one-way confinement in restraining deformation of the anchorage concrete and enhancing
bond strength. In addition, their studies indicate that the failure mode of cast-in-place
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reinforcement transitions from concrete splitting to interface pull-out and ultimately to
rebar rupture as the confinement level increases. The above studies focus on the effects
of transverse pressure on cast-in reinforcement and summarize the governing roles of
confinement level and confinement direction, providing valuable references for the present
study. However, due to the presence of an adhesive layer in post-installed rebar systems,
current conclusions on cast-in rebars cannot be implemented directly on post-installed
rebars. Further investigations must be conducted on the different effects between one-way
and two-way transverse pressure in post-installed rebar cases.

To investigate the influence of transverse pressure conditions on the anchorage per-
formance of post-installed rebars, a series of confined pull-out tests were conducted on
post-installed rebar specimens under different confinement levels and confinement direc-
tions, comprising a total of 22 specimens. By comparatively analyzing the failure modes,
crack propagation, and bond strength of post-installed rebars under unconstrained condi-
tions, one-way confinement, and two-way confinement, the effects of confinement level
and confinement direction on anchorage performance were examined. The mechanisms
by which confinement level and confinement direction affect post-installed rebars are
discussed in detail, and evaluation indices for assessing the influence of confinement are
proposed. The findings of this study provide insights and design references for future
research and related engineering applications.

2. Experimental Program
2.1. Test Condition Design

Previous experimental studies [13,14] created transverse pressure by exerting external
pressure on the surface of the concrete specimen. However, when the loaded surface area is
too large, it is difficult to achieve a uniform pressure distribution, whereas a smaller surface
area leads to pronounced edge effects. Based on relevant research [4,5,13,14], the concrete
specimens for this study were designed as 150 mm cubes.

Since there are similar anchorage scenarios between post-installed rebars and cast-in
rebars, the test design in cast-in rebar studies provides an excellent reference for the current
tests. Previous studies on cast-in rebars [19,21-23] have shown that when the transverse
pressure is less than 0.5 f, the bond strength increases with the transverse pressure level.
In contrast, when the transverse pressure exceeds 0.5 f ., the bond strength decreases with
higher confinement levels.

Accordingly, the transverse pressure levels in this study were designed as follows:

One-way transverse pressure: 0 fcy, 0.1 fou, 0.2 feu, 0.3 feu, and 0.4 f .

Two-way transverse pressure (equal levels in two direction): 0.1 f¢u:0.1 feu, 0.2 feui0.2 feu,
0.3 fcu:0.3 feu, 0.4 fcu:0.4 feu.

Two-way transverse pressure (unequal levels in two direction): 0.1 f¢y:0.2 foy, and
02 feui04 feu.

2.2. Materials and Manufacture

The concrete specimens utilized in this study had a compressive strength of 31.9 MPa
(tested according to GB/T 50081 [24]). The rebars had a yield strength of 433 MPa (tested
according to GB/T 228.1 [25]) with a diameter of 16 mm.

The bonding agent employed in tests was provided by manufacturers (qualified by
EAD 330087 [26] and ACI 355.5 [27]), and its product name is not given due to potential
ethical issues.

The anchorage length (/) was designed to be 5 d (d: rebar diameter, 5 d is 80 mm). The
material properties of the materials are listed in Table 2.
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Table 2. Material properties.

Material Property Value
feut cube compressive strength (MPa) 31.9
concrete E.: elastic modulus (GPa) 31
v.: Poisson’s ratio 0.224
d: diameter (mm) 16
rebar fy: yield strength (MPa) 433
E;: elastic modulus (GPa) 200
vy: Poisson’s ratio 0.3
bonding agent type epoxy resin

Tp: bond strength (to concrete) (MPa) 15.4

The diameter of the borehole in tests is designed to be 20 mm. To improve the vertical
alignment of the post-installed rebars and the drilling accuracy, water drilling (drill bit of
18 mm diameter) was employed first, followed by roughening of the wall of the borehole
with an electric hammer (drill bit of 20 mm diameter).

Before the injection of bonding agent, the borehole is cleaned with an air blower.
A PVC tube was plugged in at both ends of the borehole to prevent adhesive—concrete
bonding to avoid potential concrete cones [4]. The single PVC tube length is 35 mm to
guarantee an effective bonding length of 80 mm. The free end of the borehole is sealed
with tape to block the bonding agent from flowing out of the borehole, which is pierced
through by the rebar during installation (pierced tapes can still block the fluid bonding
agent). Moreover, additional tests were conducted to examine the quality of bonding
agent injection by observing the cured adhesive part after cutting the specimen (which
are excluded in this paper). A schematic diagram and photographs of the specimens are
presented in Figure 3.

bonding length: 35 mm for single
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Figure 3. Post-installed rebar specimen: (a) illustration and (b) actual photograph.

2.3. Loading and Mesurement

A diagram of the pull-out test frame is shown in Figure 4. The pull load is exerted
with an MTS hydraulic servo-testing machine (loading capacity: 250 kN, MTS Systems
Corporation, Eden Prairie, MN, USA), which is connected to the rebar through a connector.
The transverse pressure is provided via hydraulic jacks (loading capacity: 100 kN, one
hydraulic jack for one-way transverse pressure, and two for two-way transverse pressure).
The hydraulic jack exerts the transverse pressure onto the lateral concrete surface via the
loading rod and loading plate, as Figure 4c shows. In tests, the transverse pressure is
exerted first, and then the pull-out starts. The pull load was measured by a pressure
sensor placed between the anchorage fixture and the MTS connector, while the pull-out
displacement was monitored using LVDTs (accuracy: 0.001 mm, MTS Systems Corporation,
Eden Prairie, MN, USA) that were fixed at the loaded and free ends of the rebar [11,12].
The loading rate was controlled at 2 mm/min [4,21].
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Figure 4. Loading frame: (a) actual photograph, (b) illustration and (c) diagram of loading.

3. Test Results and Failure Modes
3.1. Overall Results

In this study, the bond strength (7,) was obtained from the average bond stress
theory, as expressed in Equation (1). To be more precise, to identify the beginning of bond
slip and the correspondence of the bond-slip relationship, bond slip was defined as the
average displacement measured at the free and load ends of the rebar [4,21], calculated
with Equation (2). The corresponding results are presented in Table 3.

Py
Tu = Tl (1)
Sf+ 81
B S 2
50 5 )
Table 3. Test results.
Confinement Specimen .
Group Condition Number P, (kN) Tu (MPa) sp (mm) Failure Mode
no transverse 0 0-a 70.3 17.49 0.29 S
pressure 0 0-b 71 17.67 0.25 S
0.1f 1-a 105.3 26.2 2.17 A-R
e 1-b 83.3 20.73 2.59 F
2-a 82.3 20.48 2.25 F
one-way 0.2fcu
transverse é_b 8;; ;8?2 22'116 112
-a . .
pressure 03 feu 3b 105.9 26.35 201 AR
04f 4-a 85.2 21.2 2.68 F
e 4-b 84.6 21.05 2.16 F
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Table 3. Cont.
Confinement Specimen .
Group Condition Number P, (kN) Tu (MPa) sp (mm) Failure Mode
) 1:1-a 85.8 21.35 2.94 F
0-1feu:0-1 feu 1:1-b 85.6 21.3 3.11 F
) 2:2-a 108.3 26.95 4.16 F
0.2 feu0.2 feu 2:2-b 104.6 26.03 3.82 F
3:3-a 122.2 30.4 3.45 F
twoway 0.3 feu0.3 feu 3:3-b 129.2 32.15 41 F
transverse ’ ) : ’
4:4-a 95.66 23.8 3.66 F
pressure 04 feu04 feu 4:4b 97.87 2435 476 F
) 1:2-a 109.7 27.29 3.83 F
0-1fcu:0.2 feu 1:2-b 114.6 28.51 421 F
) 2:4-a 96.2 23.94 4.25 F
0.2 feu:0-4 feu 2:4-b 94.5 23.51 3.81 F

Note: in Table 3, S denotes concrete splitting failure, A-R denotes A-R (adhesive-rebar) interface failure, and F
denotes adhesive component fracture failure.

In Equation (1), Py denotes the peak load; in Equation (2), sy denotes the bond slip
corresponding to peak load, s; denotes the bond slip measured at the free end of the rebar,
and s; denotes the bond slip measured at the load end of the rebar.

Three primary failure modes were observed during testing: concrete splitting failure,
A-R (adhesive-rebar) interface failure, and adhesive component fracture failure. For the
tests in this paper, all specimens in the no-transverse-pressure group failed by concrete
splitting, while those under confinement failed by A-R interface debonding or adhesive
layer fracture.

In some cases, surface cracks appeared on the concrete during pull-out, but the speci-
mens continued to carry load. The splitting cracks had not developed through the entire
specimen’s cross-section, and these failures were attributed to bond-related debonding
(A-R interface failure or adhesive component fracture), rather than overall concrete failure,
and were still classified as pulling out [3,21].

3.2. Concrete Splitting
All specimens in the unconfined group exhibited concrete splitting failure. The sub-

strate concrete split into three parts (Figure 5), and the anchorages lost their capacity due to
concrete damage.

Two distinct splitting failure characteristics were observed: (1) both the concrete and
the adhesive layer split, with cracks propagating continuously along the A-C interface
(Figure 5b); (2) the concrete split, while the adhesive layer remained intact (Figure 5c).

The development of splitting cracks was associated with the circumferential tensile
stresses induced by the mechanical interlock of the rebar ribs. Experimental results in-
dicated that only the unconfined specimens experienced splitting failure. Neither the
one-way nor two-way transverse pressure groups exhibited full splitting cracks reach-
ing the specimen surface or penetrating the entire concrete block. This suggests that
transverse pressure effectively reduces circumferential tensile stresses in the anchorage
zone, restrains crack propagation, and significantly enhances the splitting resistance of the
surrounding concrete.
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(b)

Figure 5. Concrete splitting failure: (a) split specimens, (b) both concrete and adhesive split, and

(c) only concrete split.

3.3. A-R Interface Failure

Only specimens 1-a and 3-b experienced A-R interface failure. During pull-out, the
adhesive layer between transverse ribs was crushed and sheared by the mechanical in-
terlock of the rebar, leading to bond loss between the adhesive and rebar. Consequently,
the sheared adhesive pieces were carried out with the rebar (Figure 6a). Notably, only the
adhesive located on the rib sides was sheared, while that along the side without transverse
ribs remained intact (Figure 6b).

The test observations revealed that (1) the un-sheared adhesive parts between ribs
had a residual height of 7 to 8 mm, smaller than the rib spacing; (2) some un-sheared
adhesive parts were locally crushed at one end (Figure 6c). These findings suggest that
during pull-out, the adhesive at the interface was first subjected to compressive failure due
to rib interlocking, followed by shearing after sufficient compression, leading to extraction
of crushed adhesive with the rebar.

3.4. Adhesive Component Fracture Failure

Except for specimens 1-a, 3-b, and 4-b (the latter failed due to concrete crushing), all
confined specimens exhibited adhesive component fracture failure. The adhesive fractured
into blocks of approximately 10 mm x 10 mm in area and 2 mm in thickness during pull-out
(Figure 7a). In some cases, localized concrete crushing was also observed at the interface
(Figure 7b).
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Figure 6. A-R interface failure: (a) sheared adhesive parts, (b) shearing and friction on A-R interface,
and (c) crushed adhesive parts.

A-R interface adhesive component
s failure fracture failure

3

Figure 7. Adhesive component fracture failure: (a) internal damage and (b) localized damage.

Moreover, the adhesive fracture exhibited regular patterns. Along the axial direction,
failure consistently occurred at the location of the one-third anchorage length closest to the
loaded end. Circumferentially, failure was concentrated on the rib side of the rebar. It is
noteworthy that both locations correspond to areas where interfacial stress concentration
develops during pull-out [16].

4. Discussion of Influence of Transverse Pressure
4.1. Influence on Failure Modes

Specimens without confinement failed by concrete splitting, whereas those under
confinement failed by A-R interface debonding or adhesive component fracture failure. This
indicates that transverse pressure significantly enhances the splitting resistance during the
pull-out process: it effectively restrains concrete deformation and reduces circumferential
tensile stress within the concrete. Consequently, the failure mode shifted from concrete

https://doi.org/10.3390/infrastructures11040120
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splitting under unconfined conditions to rebar pull-out failures (A-R interface debonding
and adhesive component fracture failure).

From the perspective of crack development, in the absence of confinement, large
circumferential stresses developed in both the concrete and the adhesive layer, which in-
creased with pull-out progression. Splitting cracks extended to the surface of the specimen,
leading to full concrete splitting failure.

Under one-way transverse pressure, splitting cracks appeared on the concrete surface
parallel to the confinement direction but did not develop across the whole substrate con-
crete section (Figure 8). These cracks were related to the Poisson effect of the concrete under
lateral compression and the interfacial shear forces generated during rebar pull-out. In-
creasing the one-way confinement level did not noticeably reduce crack width, suggesting
that its effect on splitting resistance depends strongly on the loading direction.

confinement -,
direction

Figure 8. Cracking on specimen surface.

The development of splitting cracks reflects the internal restraint conditions of the
concrete and thus reveals the failure mechanisms and bond performance of the speci-
mens [12,19]. In this study, failure in the unconfined group was governed by the material
properties of the concrete and the absence of restraint, whereas under confinement, the
failure mechanisms changed, and the dominant factors shifted to the adhesive properties
and rebar geometry [7]. Furthermore, the results highlight that unequal two-way confine-
ment is a necessary condition for splitting crack formation, while one-way confinement
can be considered a special case, where one direction of confinement is zero. However,
two-way transverse pressure can constrain the deformation around the rebar (caused by
the bond-splitting effect) and greatly reduce the circumferential tensile stress caused by the
Poisson effect [4,12,21], therefore improving the anchorage’s splitting resistance.

4.2. Influence on Bond Strength
4.2.1. Under A-R Interface Failure

In this study, only specimens 1-a and 3-b experienced A-R interface failure, with
corresponding bond strengths of 26.20 MPa and 26.35 MPa. These values were significantly
higher (approximately 49.0 to 49.9%) than the bond strength of unconfined specimens,
which failed by concrete splitting and had an average bond strength of 17.58 MPa (the
tensile capacity of post-installed rebars under concrete splitting failure is determined by
the concrete strength [4,21]). They were also higher than those of specimens that failed by
adhesive fracture within the same groups (20.73 MPa and 20.15 MPa for specimens 1-b

https://doi.org/10.3390/infrastructures11040120
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and 3-a, respectively). This large difference in bond strength is due to the different failure
patterns: the adhesive component’s fracturing greatly reduces the integrity of the adhesive
component, and the tensile capacity of the bonding agent has not been fully utilized before
it fractures [11-13].

Notably, specimen 1-a was subjected to a one-way confinement level that was 0.2
(about 6 MPa) lower than that of specimen 3-b, yet their bond strengths were nearly
identical. This suggests that the influence of one-way confinement on A-R interface failures
is limited, as this failure type is primarily governed by the mechanical properties of the
cured adhesive rather than by confinement.

4.2.2. Under Adhesive Component Fracture Failure

All other confined specimens, except 1-a and 3-b, failed by adhesive component
fracture. Their bond strengths were higher than those of unconfined specimens (concrete
splitting) but lower than those of A-R interface failures.

As shown in Figure 9, under one-way confinement, the bond strength remained nearly
constant (20.15 to 21.20 MPa) as the confinement level increased from 0.1 fy to 0.4 fcy,
representing an improvement of 14.6-20.6% compared with unconfined specimens. Under
two-way confinement, the bond strength first increased with the confinement level (0.1 f .y
to 0.3 fcu) and then decreased (0.3 fcy to 0.4 fcy), ranging from 21.30 MPa to 32.15 MPa,
corresponding to improvements of 21.2% to 82.9% over unconfined specimens. It should
be noted that the decrease in bond strength observed under two-way equal confinement
as the confinement level increases from 0.3 f¢;:0.3 fcy t0 0.4 fy:0.4 f oy can be attributed to
internal damage induced by excessive confinement [4,7,18].
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Figure 9. Influence of confinement level on bond strength.

Table 4 compares results under equal confinement levels. Two-way confinement
consistently produced greater enhancements in bond strength than one-way confinement,
and the difference became more pronounced with increasing confinement levels. This
behavior can be attributed to the influence of confinement difference in two directions:
one-way transverse pressure will result a larger Poisson effect and circumferential tensile
stress (which will further reduce the splitting resistance of the adhesive component) [4,
12], while two-way transverse pressure can constrain the Poisson effect and enhance the
interfacial bonding to improve the bond strength [21].
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Table 4. Analysis of bond strength under different confinement levels.

Group pP1lfcu Tym/MPa D/MPa R
primary 0 17.58 / /

0.1f 0.1 20.73 3.15 17.91%

T 0.1:0.1 21.32 3.74 21.30%

0.2f 0.2 204 2.82 16.04%

e 0.2:0.2 26.49 8.91 50.68%

03f 0.3 23.25 5.67 32.25%

e 0.3:0.3 31.27 13.7 77.93%

04f 0.4 21.13 3.55 20.19%

B 0.4:0.4 24.08 6.5 36.97%

Note: in Table 4, T, m denotes the average bond strength of specimens in same test condition, D denotes the bond
strength difference of specimens from the unconfined group, and R denotes the bond strength difference rate of
specimens from the unconfined group.

The influence of different confinement conditions on bond strength is discussed,
and the corresponding results are presented in Table 5 and Figure 10. Under a constant
confinement level (0.1 foy or 0.2 fy), the confinement condition varies from one-way
confinement to two-way unequal confinement and further to two-way equal confinement.

Table 5. Analysis of bond strength under different confinement differences.

Group P1/feu Ty,m/MPa D/MPa R
primary 0 17.58 / /
0.2 20.41 2.83 16.1%
0.1fcu 0.1:0.2 27.90 10.32 58.70%
0.2:0.2 26.49 8.91 50.68%
0.4 21.13 3.55 20.19%
0.2 fcu 0.2:0.4 23.72 6.14 34.93%
0.4:0.4 24.08 6.5 36.97%

Note: in Table 5, the definitions of Ty,m, D, R comply with Table 4.

transverse pressure difference ~ TG: 0.1:0.2
on the two directions

—=—0.17,

&)
@

226 ——02f, TG: 0.2:0.2
E TG: test group (transverse
T 24 | pressure condition) TG: 0.2:0.4
ﬁ TG: 0.4:0.4
g
0 22F
1
-
w»
E 20 F
)
=

18

TG: 0
16 L L L L
no one-way two-way two-way
unequal equal

confinement

Figure 10. Influence of confinement difference on bond strength.

At a confinement difference of 0.1 f,, the bond strength of the specimens initially
increases and then exhibits a slight decrease. In contrast, at a confinement difference of
0.2 fcu, the bond strength generally increases as the confinement condition varies from
one-way confinement to two-way equal confinement. The slight reduction in bond strength
observed at a confinement difference of 0.1 f, can be attributed to experimental scatter, as
the difference in confinement levels between the cases of 0.1 f¢;:0.2 fcy and 0.2 f¢y:0.2 f oy is
relatively small.
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The bond strengths obtained under confinement levels of 0.2 f, and 0.4 f, are compa-
rable, whereas the bond strength under the 0.1 f4:0.2 f oy confinement condition is markedly
higher than that under the 0.2 f,:0.2 foy condition. This behavior can be explained by
the fact that a larger confinement difference tends to induce more pronounced stress con-
centration and splitting tendency in the anchorage zone, thereby weakening the bond
performance of post-installed rebars. However, the bond strength under the 0.4 f,:0.4 fcu
confinement condition is significantly lower than that under the 0.2 f,:0.2 f o, condition.
This reduction can be attributed to internal damage caused by excessive confinement [28],
as discussed previously in this paper.

4.3. Influence on Bond Slip

As shown in Figure 11, specimens under unconfined conditions failed by concrete
splitting, exhibiting low bond slip (0.25 to 0.29 mm) and brittle behavior. In contrast,
specimens under confinement failed by pull-out (A-R debonding or adhesive component
fracture) and demonstrated significantly greater bond slip, indicating ductile behavior. For
the one-way confinement group, excluding specimen 4-b (concrete crushing), bond slip
ranged between 2.01 and 2.68 mm, with little variation among specimens. Furthermore,
no clear difference was observed between A-R interface failures and adhesive component
fracture in terms of slip.

= no confinement
51 e one-way confinement N
4 two-way equal confinement
4|L_¥  two-way unequal confinement| o vy
~_
E ' A N v v
E A
e A
.93 F A
= . °
'g 2 ° ®e . o °
=3
=

[
T

0 i L 1 1 i L 1 1 i 1
0 1 2 3 4 Il 22 33 44 12 24
confinement (0.1f,,)

Figure 11. Influence of confinement difference on bond slip.

For the two-way confinement group, bond slip increased markedly with the confine-
ment level, from 2.94 mm to 4.76 mm, demonstrating that two-way confinement substan-
tially enhances the ductility of post-installed rebar anchorage.

Additionally, Figure 12 illustrates the relationship between bond strength and bond
slip under confinement. The results reveal an approximately positive correlation between
the two parameters.

35

® no confinement
® one-way confinement a
A two-way equal confinement
304V two-way unequal confinement A
-
=
£ v
s v <
< A
= (X3 7
2254 ' .
£ ~ A v
2 v
= -
.§ - o o aa
204 7~ P
”
n
15 + + } t
0 1 2 3 4 5
bond slip (mm)

Figure 12. Relationship of bond strength and bond slip.
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References

5. Conclusions

This study conducts an experimental investigation of post-installed rebars that are
subjected to transverse pressure to discuss the transverse pressure effect and how the
one-way and two-way transverse pressure effect differ. The series of pull-out tests consider
confinement type, confinement level, and confinement difference. Based on the analysis
of internal failure characteristics and crack propagation patterns, the study identified
unconventional failure modes—namely adhesive-rebar (A-R) interface failure and adhesive
component fracture failure—and examined their features. The effects of different transverse
pressures were evaluated in terms of failure mode, bond strength, and bond-slip behavior,
leading to the following main conclusions:

(1) Post-installed rebars failed by concrete splitting in the absence of confinement,
while under confinement, they failed by A-R interface debonding or adhesive component
fracture. A-R interface failure was characterized by crushing and shearing of the adhesive
between transverse ribs, which was carried out with the rebar during pull-out. Adhesive
component fracture, in contrast, was the result of brittle crushing of the cured adhesive.
Although both belong to pull-out failures, their mechanisms differ substantially. Crack
propagation analysis further revealed that two-way confinement was more effective than
one-way confinement in enhancing splitting resistance, a behavior that is attributable to
stress concentration induced by confinement difference.

(2) One-way confinement had no significant influence on bond strength, whereas bond
strength under two-way confinement first increased and then decreased with higher confine-
ment levels. Moreover, increasing the confinement difference within two-way confinement
reduced its beneficial effect on bond strength. Regarding bond-slip behavior, the results
demonstrated that transverse pressure substantially enhanced the splitting resistance of speci-
mens, transforming brittle failures into ductile failures. Furthermore, bond slip increased with
the level of two-way confinement, indicating improved ductility of anchorage performance.
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