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a b s t r a c t

The present study aims to develop a strengthening system using prestressing tendons embedded into an
internal anchorage of concrete member. The internal anchorage, a wedge-shaped hole, is made by using a
special drilling machine. The tip of the hole is filled with high strength mortar to anchor firmly the pre-
stressing tendon. The strengthening system is acceptable even in relatively narrow workspaces, and also
applicable for joints between existing and additional concrete members. The experimental study con-
ducted a pull-out test of the prestressing tendon to examine the load-bearing capacity. A finite element
simulation was also performed to confirm the bonding and unbonding effects of the prestressing tendon.
The test result confirms adequate load-bearing capacity of the anchorage for the prestressing tendon. In
addition, the FE simulation shows that the strengthening system can provide a constant prestress even if
the prestressing tendon is not bound to the mortar in the anchorage.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous civil infrastructures, including bridges, have been
constructed over the past few decades in Japan. Civil engineers
are tasked with maintaining and appropriately retrofitting these
structures to sustain modern infrastructure. Various strengthening
materials and methods have been developed and applied to con-
crete members. One of the more effective and reliable strengthen-
ing methods for concrete is an application of the prestressing
system.

Conventional prestressing systems using metallic bars have
been employed to strengthen existing concrete structures. In addi-
tion, fiber-reinforced polymer (FRP) laminates have been used for
prestressing systems in recent decades. The strengthening system
has been investigated for structural applications and has been dis-
cussed in previous studies. Kim et al. [1] examined the effects of
prestressing levels of carbon fiber-reinforced polymer (CFRP) lam-
inate. They also performed a three-dimensional finite element (FE)
simulation to quantify the flexural behavior of the strengthened
beam. Based on these investigations, they recommended a pre-
stress level of 20–30% of the ultimate strain of the CFRP laminate
to strengthen concrete beams. Michels et al. [2] developed an
anchorage system for prestressing CFRP strips to strengthen con-
crete members. This system has some advantages, including faster

installation and higher durability than conventional techniques.
Schmidt et al. [3] summarized a state-of-the-art mechanical
anchorage system for FRP tendons and discussed investigations
using several anchorages such as spikes, wedges and clamping.
Several directions for future research were also proposed. You
et al. [4] studied a prestressed CFRP system using a new anchorage.
According to their study, the prestressed CFRP system improved
first-cracking and steel-yielding strengths by 133–235% and 77–
186%, respectively. Wang et al. [5] focused on a prestressing ten-
don of basalt fiber reinforced polymer (BFRP), and investigated
the structural performance of RC beam strengthened externally
with this BFRP prestressing tendon. The paper presented appropri-
ate prestressing level based on creep rupture limit. Faria et al. [6]
studied flat slabs strengthened by a new post-tensioning system
with anchorage using an epoxy adhesive. Their experimental
investigation shows that deflection and cracks of the strengthened
slab were reduced, and the punching shear strength was increased
as compared with unstrengthened slabs. In addition, Faria et al. [7]
reported the post-punching behavior of flat slabs strengthened
with the post-tensioning system. Koppitz et al. [8] also examined
punching shear behaviors of RC slabs strengthened with non-
laminated prestressed CFRP straps. Their experimental investiga-
tion developed and used a modified mechanical anchoring system
of CFRP straps for the strengthened slabs.

Several post-tension anchor systems were also investigated
using pull-out tests or FE modeling. Kim et al. [9] conducted a large
number of experimental tests for post-installed anchorage
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systems. The pull-out strength of the anchorage system was found
to be affected by three parameters: torque ratio, embedment depth
and diameter of embedded bars. The shear strength, however, was
unaffected by torque ratio. They also carried out three-dimensional
FE modeling of the anchor systems using ABAQUS to confirm the
experimental test results. Yang et al. [10] analyzed pull-out tests
of the anchor from the anchor–mortar–concrete anchorage system.
Two different boundary conditions were used. The study presented
variations in shear stresses along the thickness of the mortar layer
and interfacial shear stress along the embedment length. Martí-
Vargas et al. [11–13] investigated the transmission and anchor
length of pre-tensioned prestressed concrete members. Test spec-
imens were made with seven-wire prestressing steel strands of
13 mm diameter. They investigated the influence of concrete
strength on transmission and anchorage lengths, and analyzed
the bond behavior after bond failure. In addition, they developed
an analytical model to predict strand slips. Obata et al. [14]
reported on the structural behavior of a bond-type anchorage
and found that the stress cone strength is proportional to the bond
depth raised to the power of 1.5. Akisanya and Ivanović [15] car-
ried out pull-out tests to examine debonding effects on the load-
bearing capacity of the model anchor and discussed the interaction
between the toughness of interface crack development and conse-
quent reduction in load-bearing capacity. Yilmaz et al. [16] dis-
cussed tensile behavior of post-installed chemical anchors
embedded in low-strength concrete blocks. They recommended
that a free-edge distance and embedment depth of at least 15
times the anchor diameter should be chosen for an economical
and efficient anchor design.

Reinforcing materials such as FRP rods and steel bar/cable are
generally arranged outside of existing concrete members. Ade-
quate workspace is often required for this strengthening work.
New and old concrete joint members are often constructed as rein-
forced concrete structures, so steel corrosion may occur at the
joint. Conventional strengthening systems are influenced by envi-
ronmental conditions.

To mitigate the environmental impact and workspace issues,
the authors have developed a new strengthening method for exist-
ing concrete members where a post-tension prestressing tendon is
embedded into a wedge-shaped internal anchorage. Fig. 1
(a) and (b) shows a schematic of the developed system and a typ-
ical application of the strengthening system, respectively. The
machinery used in the strengthening work is compact and it can
locally strengthen concrete members by embedding prestressing
tendons at various points. Hence, the system can be used in rela-
tively narrow work spaces such as the foundations shown in
Fig. 1(b). In addition, FRP tendons are applicable as well as a con-
ventional prestressing tendon when ring-nut or similar are
attached to the FRP tendon. A previous study [17] reported a
push-out test using full-scale concrete specimens embedding the
wedge-shaped anchorage. The fundamental test was conducted
to evaluate the anchor performance and determine the dimensions
of the anchorage for a pull-out test using full-scale concrete spec-
imens. To examine the load-bearing capacity of the embedded
anchorage, a pull-out test of prestressing tendons was also per-
formed using full-scale concrete specimens. In addition, a finite
element simulation was performed to examine the bonding and
unbonding effects of the prestressing tendon in the anchorage. This
paper presents experimental and numerical investigations of the
developed strengthening system.

2. Anchorage system

Fig. 2 shows the strengthening process of the post-installed
anchorage system. The tip of the hole in the existing concrete is
enlarged using a special drilling device as shown in Fig. 3. The
anchorage that is filled with mortar acts as an internal wedge-
shaped hole to resist the tensile force. The strengthening system
is implemented as follows:

Step 1: Core-drill into existing concrete and enlarge the hole tip
(wedge-shaped anchorage).
Step 2: Install a prestressing tendon and grout a filler (high-
strength mortar) into the wedge-shaped hole.

(a) Internal anchorage system 

Existing concrete
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Ring nut

Prestressing tendon
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(b) Typical application-concrete foundations- 
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Fig. 1. Schematics of the developed strengthening system.

Existing concrete

[Step 1] Concrete core drilling for internal anchorage (wedge-shaped hole)
Wedge-shaped hole

[Step 2] Install of a prestressing tendon
Fill high strength mortar into the wedge-shaped hole
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Prestressing tendon

[Step 3] Placing of new concrete (option) 
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Fig. 2. Strengthening system process using a prestressing tendon fixed in the
internal anchorage.
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