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ARTICLE INFO ABSTRACT

Keywords: The three mechanisms governing the strand-concrete (S-C) bond in pretensioned concrete (PTC) systems are: (i)
Bond strength adhesion, (ii) mechanical interlock, and (iii) friction. These mechanisms can be influenced by various parameters
guli—out' d like the compressive strength of concrete (f.), applied prestress (fs), and embedment length of the strand (l;). The
P;Z;::Sl::; existing test methods for S-C systems use unstressed strands and defines bond strength (tp), as the stress cor-
Concrete responding to a slip of 2.5 mm at free end (say, T25). The unstressed strands and 725 approach may lead to
Compressive strength unconservative results and significant scatter. This paper presents the experimental program on the effects of f.
Strand (43 and 62 MPa), f,s (0.1 fp, and 0.7 f,,), and I, (500 and 1000 mm) on the bond stress-slip (t-s) behaviour in PTC

systems. Analysis of the results of tests on 24 specimens indicated that (i) defining the 1 as 12 5 at the free end is
not suitable for PTC specimens and (ii) the 7,5 at live end exhibits significant scatter and is dependent on the
embedment length, .. Consequently, the paper proposes a conceptual model on strand-concrete bond behavior
and a rational method to determine 7} as the stress corresponding to the yield bond stress (ty;iq). The determined
Tyield is independent of f,s and I, and exhibits less scatter than 12 5. Finally, the use of taut strand specimens is

recommended as they are easier to prepare than stressed strand specimens, to determine Tyjeig.

1. Introduction

In the pretensioned concrete (PTC) systems, the strand-concrete (S-
C) bond plays a vital role in ensuring adequate structural performance.
The S-C bond is necessary to provide not only adequate safety, but also
adequate ductility [1]. The failure of the S-C bond can also lead to
cracking of concrete, which can provide easy access for the deleterious
elements causing premature and localized corrosion of the embedded
strands. Although, state-of-the-art design procedures and construction
materials/practices are available to ensure the adequate S-C bond.
However, shear cracks have been observed on numerous PTC girders on
an elevated highway in Mumbai, India (see Fig. 1). Also, literature re-
ports similar shear cracks in many other PTC systems [2,3]. Such sce-
nario necessitates a standard quality control test to determine the tj of
PTC systems. At present, suitable standardized test methods for this are
not available.

This paper evaluates various test methods in literature, presents re-
sults from a comprehensive strand pull-out test program, and develops a
rational method (named as yield bond stress method) to determine the T
of PTC systems. Also, a conceptual model explaining the bond behavior
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in PTC systems is presented.
1.1. Mechanisms of strand-concrete (S-C) bond

The S-C bond in PTC systems is governed by three mechanisms: (i)
adhesion, (ii) friction, and (iii) mechanical interlock [4,5]. Unlike con-
ventional reinforced concrete (CRC) systems, due to the lubricant res-
idue on the strand surface and the possible slip during the prestress
release, the role of adhesion is minimal in the S-C bond in PTC systems
[6]. In particular, at the member ends, the adhesion would be lost during
prestress transfer. The friction and mechanical interlock play significant
roles in the S-C bond in PTC systems [7]. Friction is provided by the
concrete confinement and the wedging action is due to Hoyer effect [8].
The wedging action induces compressive stresses with a component
normal to the S-C interface and enhances the friction near the ends of the
member. Mechanical interlock is provided by the concrete keys formed
by the helical shape of the six outer wires of the strand.
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Fig. 1. Shear cracks in a highway bridge girder.
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Fig. 2. A schematic illustration and photograph of the pull-out test
configuration.
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Table 1
Experimental program showing the test variables.

Specimen ID Experimental variables No. of specimens

fe (MPa) L, (mm) fpi (MPa)
[4 -T- 5 . u
43-T-Sh 43 00 0.1 f,, 6
£.62-T-Sh 62 6
62-T-Lo
£.62-T-L 1000 6
£.62-S-Lo 0.7 fou 6
P
Note:

fexx - Average compressive strength.
T - Taut (0.1 f,).

S - Stressed (0.7 fyu).

Sh - Short L, (500).

Lo - Long L, (1000).

Table 2
Details of concrete mixes used.

Ingredients Compressive strength of concrete at 28 days, f.
fA3 f62

Cement (kg/m%) 380 420

Water - cement ratio 0.50 0.40

Aggregate 10 mm down (kg/m>) 432 428

Aggregate 20 mm down (kg/m®) 648 641

Sand, 4 mm down (kg/mg) 750 743

Superplasticizer (% bwoc) 0.8 0.6

1.2. Definitions and formulations of bond strength

For CRC systems, fib-MC (1990) [9] considers the load versus slip
relationship using which, the t can be calculated as a function of slip, s,
as follows.

a
SxX
o (Q)
So1
where, 7¢; is average bond stress corresponding to the pull-out force, Py;
(MPa); s(x) is slip at any load x (mm); sq1 is slip of 0.1 in (mm); and « is
an exponential factor of bond stress-slip model. Based on this, Balazs

(1992) [10] proposed the following equation for t}, along the trans-
mission zone in PTC systems.

s/ s\
Ty = Milofy (;)

where, 1 ; is the upper, mean, or lower bound value of t;n2 n 3 are
empirical constants; s is the slip (mm); and ds is the diameter of strand
(mm). Later, EN 2 (2004) [11] and fib-MC (2010) [12] codes presented
the following formulation for t; of CRC and PTC systems.

7(x) (@9

(2)

Ty = Ny Mpofen (3)
where, 1 ,; is the coefficient to account for the type of tendon, n 2 is the
coefficient to account for the bond conditions, and f.4 is the design
tensile strength of concrete (MPa). Later, Dang et al. (2015) [13]
adapted Eq. (1) for CRC systems given in fib-MC (2010) by incorporating
a coefficient ‘kp’ to calibrate the 1 for strands with and without stress as
follows.

7(x) = kpTor (@)“

01

4

where, kp is the calibration coefficient. However, literature does not
provide sufficient guidance on how to assume values for these input
parameters for other PTC systems.

The 15 of rebar-concrete systems can be defined as the t corre-
sponding to a slip of 2.5 mm (say, t25) at the free end [14,15]. In the
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case of rebars, the difference in the instantaneous slips at live and free
ends is negligible because the [, is about 150 mm [16]. Also, this dif-
ference increases as a function of [, [1,17,18]. Hence, the recommen-
dation by ASTM A1081 (2012) [19] to define the 7} of strand-concrete
(S-C) systems as 155 at the free end may not be appropriate [20,21].
This is because, during the pull-out test, the S-C bond deforms
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ne

progressively from the live end and along the length of the embedded
strand, which is typically longer than the typical pull-out specimens
with rebars. Hence, the effect of [, on the pull-out behavior and deter-
mined Tty is significant in the case of strand specimens.

1.3. Factors influencing the S-C bond

The concrete strength (f;) is one of the most influencing parameters,
an increase in f; can lead to an increase in its stiffness, which in turn
provides more confinement - leading to improved t3. The 1}, of various
PTC systems reported in literature shows significant scatter [22-28].
This scatter could be due to the differences in the geometry of specimens
used, the prestress levels, and testing and evaluation methods.

The [, could significantly influence the failure mode during the pull-
out tests in CRC systems [18,29,30]. For PTC systems, Marti-Vargas et al.
(2006) [31] and Naito et al. (2015) [32] recommended an [, that is
longer than transmission length (L,). Later, Mohandoss and Pillai (2017)
[33] suggested that I, should be more than 2L; so that the applied
prestress would be effectively transferred at both ends of the test

P2

1"('+Alll('

Fig. 5. Measurement of slip at live end.
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Fig. 6. Representative graphs of load, displacement, slip at free and live ends with respect to time.

specimens. Also, the initial prestress applied (f,;) plays a crucial role in
the S-C bond contributing to the Hoyer effect [34,35]. Naito et al. (2015)
found that the stressed strands exhibited higher 1, than unstressed
strands. Also, the effect of f,; on 1-s behaviour for the PTC systems is not
well addressed in the literature [31,36,37]. This paper fills this knowl-
edge gap by presenting test data on the effect of f,; and [, on 13 of PTC
systems.

1.4. Test methods to determine the bond strength (tp)

The widely used bond strength test methods are Moustafa pull-out
test [38] ASTM A1081 (2012) [39] and ECADA test method [31].
ASTM A1081 (2012) determines the bond strength (1) by using the pull-
out force corresponding to 2.5 mm slip at the free end (FE) of an un-
stressed strand. As the strands are supplied as coils, the unstressed strand
may not be perfectly straight. During the pull-out test, the strands tend
to get straightened and compress the grout on concave side and also lose
contact with the grout on convex side. Such uncontrolled straightening
mechanisms could induce more scatter in the test results than those
observed with specimens with stressed and straight strands [13]. Hence,
test specimens with unstressed strands are not suitable.

To overcome such issues, Marti-Vargas et al. (2006) had proposed
the ECADA test method using prestressed strands (say, 0.7fp) to
represent the in-service stress conditions. This method considers a ‘vir-
tual part’ concept using an ‘anchorage measurement access (AMA)’
system, the stiffness of which matches with that of the concrete. As a
result, this method may overestimate the T3 [28]. Such overestimations
may adversely affect the design shear strength in the transmission zone
[40]. Most literature adopt large test specimens and complex test
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procedures, which leads to difficulties in adopting them as quality
control test in the field. In short, there is a need to design a simplified test
specimen and a procedure to determine the tj, of PTC systems as an S-C
interface parameter (i.e., independent of the f,; and [, of the test spec-
imen) and avoids overestimation.

2. Research significance

Failure of the strand-concrete (S-C) bond has been observed in pre-
tensioned concrete (PTC) bridges. The available test methods to deter-
mine the T3 in PTC systems have limitations in terms of (i) specimen
configuration and test setup, (ii) test procedure and method of evalua-
tion, and (iii) dependence on the prestress and embedment length. This
paper proposes the use of a simplified test specimen that can be cast at
site and transported to the laboratory for testing, along with a new
method to rationally estimate tp. The paper also presents a conceptual
model for S-C bond behavior that can be helpful to develop constitutive
models.

3. Experimental program

Fig. 2 presents the experimental setup, where two LVDT’s are placed
at Live end (LE) and Free end (FE), respectively, to measure the slip of
the strand. Table 1 shows details of 24 pull-out specimens, each with a
cross-section of (100 x 100) mm size and an embedded steel strand. The
high strength, low-relaxation, seven-wire strands with 12.7 mm diam-
eter and meeting the ASTM A416 (2016) [41] specifications were used.
The modulus of elasticity and ultimate tensile strength (f,,,) of the strand
were 198 + 3 GPa and 1877 + 3 MPa, respectively. Concretes with
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Table 3
Observed T3 of taut and stressed strands embedded in concrete.
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Specimen ID Compressive strength of concrete at testing (f.) in MPa

Maximum bond load (Ppq,) in kN

Bond strength (t5) MPa

Ty5 at FE Ty5at LE 0.9 Tyje1q at LE
£.43-T-Sh-1 44.1 101 2.58 2.30 1.81
£:43-T-Sh-2 43.8 93 2.39 2.24 1.72
£.43-T-Sh-3 43.7 95 2.06 1.92 1.72
£.43-T-Sh-4 42.9 94 2.57 2.38 1.75
£.43-T-Sh-5 44.5 95 2.04 1.91 1.73
£.43-T-Sh-6 42.3 89 2.86 2.67 1.85
£.62-T-Sh-1 63.1 119 3.31 3.07 2.61
£.62-T-Sh-2 61.8 132 4.28 3.97 3.28
£.62-T-Sh-3 60.2 150 4.39 3.94 3.05
£.62-T-Sh-4 60.4 131 4.48 3.85 2.93
£.62-T-Sh-5 61.6 145 3.20 2.75 2.16
£.62-T-Sh-6 62.2 144 3.65 3.02 2.06
£.62-T-Lo-1 63.4 194 3.86 2.42 3.07
£.62-T-Lo-2 64.7 179 - 3.09 3.08
£.62-T-Lo-3 61.2 191 - 2.65 3.10
£.62-T-Lo-4 63.9 189 - 2.26 3.09
f.62-T-Lo-5 62.5 191 - 2.20 2.97
£.62-T-Lo-6 63.1 190 - 2.96 2.95
£:62-5-Lo-1 65.8 192 3.50 3.12 3.10
£:62-5-Lo-2 63.5 194 3.66 3.21 3.06
£.62-5-Lo-3 62.6 191 3.77 3.10 3.04
£.62-5-Lo-4 62.8 190 3.64 3.18 3.04
£:62-5-Lo-5 62.3 189 3.66 3.02 3.11
average 28-day compressive strengths (f;) of 43 and 62 MPa were used. 5
Table 2 provides the mixture proportions of two concretes used in this
study. Specimens with prestress levels of 0.1 f,, and 0.7 f,, were pre-
pared and such strands with stress levels are denoted herein, as taut and 4
stressed strands, respectively. For a stress of about 0.7 f;,,,, the L, in concrete = [ A AA 7
with f, ~ 62 MPa is about 440 mm [40]. Hence, the L, of all the stressed ol
strand specimens were kept at 1000 mm - to ensure that [, is more than \2_/
twice the L; as recommended by Marti-Vargas et al. (2012) and w 3 AA Ny ¢ * *—
Mohandoss et al. (2018b) [26,42]. The correlation between the 73 of [\ P A m
stressed and taut strands were also assessed experimentally. "8 ° ||
g e Ny
g 2L oo i
3.1. Preparation of pull-out specimens k3]
|53
3.1.1. Initial pre-stressing ap s .
Fig. 3 shows the 6 m long and rigid prestressing bed used to cast the
PTC pull-out specimens. A strand was inserted through holes on the end
brackets and stressed using a hydraulic jack (with a capacity of 300 kN). 0 ‘ ‘ ‘
Before placing the wedges and stressing the strand, a 50 mm long PVC Y s 'Y‘S“ ,"\)0 S A0
pipe was kept around one end of the strand (as a bond-breaker) to avoid fCA’B’ fﬂ({l’ f 6L 5 6L
| JU° ¢

the stress concentration at the end of the specimen during the pull-out
test. This end of the specimen, where load would be applied is called
the live end (LE), and the other end is denoted as the free end (FE). The
wedges and barrels were placed on the outer face of the end brackets in
order to lock and maintain the applied stress. The pressure gauge
attached with the hydraulic jack was calibrated with a ring load cell
(with a capacity of 500 kN) and then the applied axial stress on the
strand was calculated.

3.1.2. Casting of concrete and prestress release

Concrete was prepared and placed inside the prism moulds kept on
the prestressing bed. The concrete was placed in single layer to the depth
of the specimen (100 mm) and compacted by rodding as per ASTM C192
(2016) [43] especially along the horizontal S-C interface. Also, care was
taken to keep the end faces of the specimens perpendicular to the axis of
the strand. These are essential to ensure uniform load distribution on the
concrete face at the LE and gradual stress transfer along the axis of the
strand during the pull-out test. Three companion cube specimens were
cast and the f, at the time of the pull-out test was determined. The taut

2418
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Short specimens Long specimens

Fig. 9. Determined 1, 5 at live end.

specimens were demoulded and the prestress was released after 24 h.
The stressed specimens were demoulded and the prestress was released
only after the third day of casting, after ensuring that the concrete
attained sufficient strength (say, about 60% of its target strength). The
average compressive strength of concrete at transfer is 28 MPa and 40
MPa, respectively for f:43 and f.62 concrete. As shown in Fig. 3, a stress
adjusting system with a nut-bolt arrangement was placed at the
releasing end to facilitate the gradual release of prestress. The gradual
releasing method was followed because it results in shorter L; as well as
similar L, at both live and free end of the specimens [44].
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3.2. Pull-out test set-up and procedure

A pull-out frame of 1.4 m long was designed and fabricated (see
Fig. 2). The top plate of the frame was connected to a rod (with swivel
joint), which was gripped at the upper wedge of the universal testing
machine (UTM) (movable end). As shown in Fig. 2, the strand pro-
truding from the live end of the specimens was inserted through the hole
at the centre of the lower plate of the frame and gripped using the lower
wedges of the UTM (fixed end). Two LVDTs were attached to the strand
portions at the live and free ends of the specimen to measure the slips.
The load was applied at a displacement rate of 2 mm/min.

The t-s behaviour was obtained by capturing the applied load and
the total slip measured (s,;) by LVDTs. The bond stress (t) is computed
by assuming a uniform average stress distribution over the embedded
length () of the strand in concrete, as follows using Eq. (5)

P

T:ﬁ 5)

Outer surface of strand
Concrete key

Structures 33 (2021) 2413-2423

Periphery of imaginary pipe formed

Fully sheared

concrete key

(b)

Fig. 10. S-C interface and bond failure mechanisms.

Perimeter (p) is calculated as the sum of the arc lengths of six outer
wires (representing the area in conctact with the concrete). The thick
line in the Fig. 4 indicates this perimeter. The diameter of the outer wires
is 4.2 mm. For the 12.7 mm diameter strand used in this study, the arc
length of outer wire is 8.8 mm; p is 52.8 mm and the embedment length
(le) of the strand in concrete is 450 mm for short specimen and 950 mm
for long specimens.

Fig. 5 shows a schematic illustration of the movement at the live end.
As soon as the load is applied, the L. (length of non-contact) portion of
the strand is stretched and the strand portion inside the concrete starts
slipping. Hence, the true slip at the live end, s, is calculated by sub-
tracting Al from s, where, Al is the elongation of the I, region, s, is
the net slip measured by LVDT. Thus, the true 1-s curves were obtained
to determine tp. In this study, the following conventional and proposed
definitions of bond strength (i.e., T2 5 and Tyq) are used.

e Ty 5 — average bond stress along the embedment length correspond-
ing to 2.5 mm slip

® Tyield - average bond stress along the embedment length at yield load
point

4. Results and discussions
4.1. Bond strength as a function of slip at free and live ends

Fig. 6 shows the applied load (P), displacement, slips at free and live
ends as a function of time and indicates the difference in the applied load
required to initiate slipping at live and free ends for the four cases of (i)
taut-short [T-Sh] specimens with f.43, (ii) taut-short specimens with
fc62, (iii) taut-long [T-Lo] specimens with f.62, and (iv) stressed-long [S-
Lo] specimens with f:62. The longer the [, the better the friction; hence,
the larger will be the load required to cause the same slip at both live and
free ends. Also, as expected, in all the four cases (a, b, ¢, and d) slipping
at free end (dashed curve) was observed only after the yield region -
indicated by the increase in slope of dashed curve happening at the same
time when the slope of solid curve decreases significantly. In the case of
short specimens with lower f, the failure mode was slipping/piping and
the testing was stopped at about 15 min; whereas strands fractured in
the other three cases.

Fig. 7 and Fig. 8 show the t-s behaviour of taut and stressed strands in
concrete at free end and live end, respectively. In case of long specimens,
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the strand portion at the free end started slipping only after the yield
load region (see Fig. 7 (c)); hence, 12 5 at free end could not be deter-
mined. On the other hand (Fig. 8), the strand portion at live end started
slipping before the yield region. The observed t; of taut and stressed
strands embedded in concrete is reported in Table 3.

As shown in Fig. 9, in case of taut-short specimens, when comparing
the cases with f. 43 and 62 MPa, about 50% increment in t25 was
observed due to the higher stiffness of concrete. In Fig. 9, it can be seen
that the determined 75 5 exhibits significant scatter in case of taut strands
in both 43 and 62 MPa strength concretes. The f.62-T-Lo and f.62-S-Lo
indicate that 15 5 increases by about 15%, when the stress level increases
from 0.1 to 0.7 fyy. Also, the results indicated that when the I, of strand
increases from 500 to 1000 mm, the value of 7 5 decreases significantly
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by about 25%. This indicates that 15 5 is dependent of .. Hence, unlike
conventional reinforced concrete systems, the slip method cannot be
used for pretensioned concrete systems. This is because the [ in case of
prestressed strands depends on the L; of the specimen, which in turn
depends on the prestress level f,s and the strength of concrete. This
necessitates a rational approach, based on the t-s behaviour, to deter-
mine 73 as an S-C interface parameter that is independent of f,; and .

4.2. Bond stress-slip (z-s) behavior of S-C systems - a conceptual model

To understand the bond behaviour, Fig. 10 shows the bond failure
mechanisms at the S-C interface with concrete keys. The dotted circle in
Fig. 10(a) indicates the ‘fictitious pipe’ formed by the locus of the
outermost points of the six wires of the strand along the length. The
concrete keys are formed due to helical shape of the six outer wires of the
strand. Fig. 10(b) indicates the scenario of complete shear failure (due to
pull out) along the ‘fictitious pipe’. Further details regarding this are
given later.

Based on the observed behaviour (Fig. 6 and Fig. 8), a conceptual
model was developed to explain the bond behaviour at S-C interface, see
Fig. 11. The t-s behaviour can be divided into three stages as follows:

e Stage I - Elastic stage (‘o’ to ‘b’)
e Stage II - Progressive bond degradation stage (‘b’ to ‘d’)
o Stage III - Post-peak failure stage (‘d’ to ‘e’)

Stage I includes the region with bi-linear behavior (from ‘o’ to ‘a’ and
‘a’ to ‘b’) due to the frictional resistance due to the Hoyer effect and
concrete confinement. The change in stiffness before and after Point ‘a’
could be due to the initiation of micro cracking along the ‘fictitious
pipe’. The concrete keys can be assumed to be intact during this stage.
Point ‘b’ indicates the yield bond stress (ty;iq), where the slope decreases
due to the loss of friction and marks the end of Stage I.

Stage II starts with the loss of friction, slipping, and corresponding
stress release along the fictitious pipe resulting in a reduction in the
bond stress from T3 to 1, (from Point ‘b’ to ‘c’). Upon further loading
(from Point ‘c’ to ‘d’), the crushed or loose particles at the interface get
compressed and densified. During this stage, the mechanical interlock
plays a significant role and gives further resistance to slip, which in-
creases the bond stress after yield (from Point ‘c’ to ‘d’). With increase in
load, the bond degrades and concrete keys get damaged progressively
from the live end towards the free end.

Beyond Stage II, the concrete keys were fully sheared due to
increasing load, as shown in Fig. 10(b), and creates a smooth cylindrical
path like a pipe for the strand to slip freely leading to pull-out failure.
This indicates the debonding at Point d. Thus, the bond stress dropped
from d to d’ as the strand could freely slip. However, there would be a
slight friction between the strand and concrete after the mechanical
bond failure. Due to this skin friction at the S-C interface, the curve does
not approach zero stress level.

For short specimens with high and low strength concrete, all three
stages were captured experimentally. However, for some specimens,
Stage III was not captured as the strand slipped beyond the capacity of
the LVDTs used. Stage III cannot be seen in long specimens (see Fig. 8 (c)
and (d)) as the longer [, provides more resistance to slip - resulting an
average maximum load of about 190 kN. At this point, strands got
ruptured as the applied load reached the breaking load of strand, before
the formation of a pipe at the S-C interface. Stage I, II, and III were
observed in short specimens and only Stage I and II were observed in
long specimens. Therefore, only the Stage I and II were considered
hereafter for the analysis.

4.3. Determination of tyield

The yield regions on the t-s curves (see Fig. 12) were observed in
three cases.
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— Concrete is negligibly
precompressed. When
the axial load is applied
on strand, the gap
between the strand and
concrete increases as
the strand elongates.

=

ipzps

(a) Taut strand in concrete

— Concrete is
precompressed

due to Poisson's effect.
When axial load is
applied on strand, the
concrete gets
decompressed and do
not allow any gap to
form between the
strand and concrete as
the strand elongates.

i P = P;

(b) Stressed strand in concrete

where, Py <Py [Note: Not drawn to scale.]

Fig. 14. Changes at the S-C interface during the pull-out test (until Tyq).

e Case 1: A point on the curve indicating a sudden change in slope
followed by a reduction in bond stress

e Case 2: A point on the curve indicating a sudden change in slope
without any reduction in bond stress

e Case 3: A region on the curve with a gradual and significant change
in slope.

Case 1 and 2 were observed in the specimens with the short taut
strands in concretes. The inserts in Fig. 12 (a) and (b) show the close-up
views near the yield point for these cases. As explained in the conceptual
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model, in Case 1, the bond stress increases till Point ‘b’ and yield occurs.
After yield, the bond stress reduces (towards Point ‘c’ in the close-up
view of Fig. 12 (a)) and the bond stress increases from Point ‘c’ (i.e.,
the curve moves upwards). Case 1 with a significant drop at Point ‘b’ was
observed in the short taut strand specimens embedded in low strength
concrete (f, = 43 MPa). On the other hand, no significant drop at Point
‘b’ was observed in Case 2. This could happen in concretes with high
stiffness, where once the friction is lost, the concrete keys may not
experience significant compression. Further, the curve starts moving
upward right after Point ‘b’ due to mechanical interlock. As a result,
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Fig. 15. Mechanism of bond failure at S-C interface.

Case 2 was observed in the short taut strand specimens with high
strength concrete (f, = 62 MPa). Case 3 was typically observed in long
specimens with both taut and stressed strands embedded in high
strength concrete (f, = 62 MPa). The S-C interface gradually yields as
shown in Fig. 12 (c) and the yield region was determined as a point,
where the parallel line of each region meets (pre and post yield portions)
and stress corresponding to that point is considered as Ty;4. To be
conservative, this study defines 15 of PTC systems as 90% of Ty;eiq (i.€., Ty
= 0.97y4¢14), herein.

4.4. Effect of f, fps and L, on tyjelq

Fig. 13 (a) indicates that when f, increased from 43 to 62 MPa, Tyjq
increased by about 30%, which is expected due to increased stiffness and
confinement of concrete. Fig. 13 (b) shows the determined 0.97y;j4 of the
taut and stressed strands in concrete with I, = 500 and 1000 mm. As the
yield attained before the strands experienced 2.5 mm slip (see Fig. 8(a)),
the Ty;1q was lower than the 125 for these cases. Fig. 8 (a) and (b) also
showed that the Ty;q of taut strands (with [, = 500 mm) was about 20%
greater than its 75 5. Comparison of data in Fig. 13 (b) and (c) indicate
that Ty;1g would remain the same irrespective of the [, of the strands,
although with a larger scatter in case of short strands. In case of long
specimens (I, = 1000 mm) with f. = 62 MPa (see Fig. 13 (c)), Tyieta Was
similar for the taut and stressed strands (i.e., 3 MPa). This indicate that
the Ty;,0 method could eliminate the effect of f,; on the determined 73, In
short, a rational method to determine 7} irrespective of [, is developed.

The obtained values of 5 (0.97y;9) were compared with 15 5 reported
in literature. For the taut strands, the value of average 1, (2.68 MPa) was
comparable with 1, of unstressed strands in concrete obtained using
Moustafa’s and ASTM test methods and reported in Rose and Russell
(1997) and Dang et al. (2015), respectively. Similarly, for the stressed
strands, the value of average 13 (i.e., 3 MPa) is comparable with the 73 of
strands in concrete obtained using ECADA test method and reported in
Marti-Vargas et al. (2013b). As the proposed Tyeq is comparable with the
7p of PTC system in the literature, 7y;;q method can be used to get 7 as an
SC parameter independent of fjs and L.
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4.5. Bond failure mechanism in PTC systems

The t-s behaviour of the taut and stressed strands is different at the S-
C interface due to the applied f); and Hoyer effect. To illustrate this
mechanism, changes at the interface near the live end of the specimen
during the pull-out test is shown in Fig. 14. During the pull-out test,
when Ps < Pyq, strand at the interface deforms elastically and gets
debonded from the surrounded concrete. The Hoyer effect is found to be
insignificant in the taut strand specimens, where the applied f) is
minimal (about 0.1 f,), thus the induced precompression in the con-
crete is negligible. The dashed lines in Fig. 14 (a) indicate the outer
surface of the taut strand in contact with concrete. The unshaded region
in the figure shows the debonded region (gap between the strand and
concrete). On the contrary, in the stressed strand specimens, the Hoyer
effect would be significant, which precompresses the surrounding con-
crete at the transfer of applied f,; (about 0.7f,,). As a result, while the
strand elongates under the load, the surrounding concrete gets decom-
pressed due to elasticity, which prevents the debonding of strand from
the surrounding concrete (Fig. 14 (b)). The decompressed concrete gives
more stiffness and resistance to slip, whereas, in the taut strand speci-
mens, the concrete would not experience such resistance and would
debond when the strand elongates. Hence, there is no restrain for the
strand movement, and the strand starts slipping once the load is applied.
The significance of this mechanism is clearly seen in Fig. 8 (¢) and (d),
which display the t-s behaviour of taut and stressed strands in concrete.
This implies that the Hoyer and Poisson’s effects at transfer and loading
play a critical role on the S-C bond in the Stage 1. After yield, Stage 1L
would be similar for both taut and stressed strand specimens.

Fig. 15 displays the mechanism of bond failure at the S-C interface. A
close-up of the region ABCD indicates the forces acting on the concrete
keys under loading. Ix.w; and Ix.wa represent the interfaces between the
concrete key and the outer wires shown. When the load is applied, the
strand tends to slip. This activates the friction and mechanical interlock
mechanisms and induces the shear force (F;) and bearing force (Fp) on
the interface between the concrete key (typically the cement paste with
fine aggregates) between the outer wires of the strand.

The following assumptions are made in developing the bond failure
mechanism: (i) the curved region (dashed line) of outer wire is consid-
ered as a straight line for simplification and the triangle formed by the
points K1, K2, and K3 forms the concrete key and (ii) there is no relative
movement between the outer wires - indicating no resistance offered by
the Ix w2 interface. Also, note that in PTC elements, the strands exhibit
complete pull-out failure due to shearing of the concrete keys. At the S-C
interface, when the strand starts slipping, the surrounding concrete re-
sists the movement of the strand and induces the normal force (N) and
frictional force (pN) on the outer surface of the concrete key (K1-K2).
Therefore, to be in equilibrium, the sum of the forces acting in the
vertical and horizontal direction is zero as given Eqgs. 6 and 7.

> Fx = 0; N - Fy, cosf + F; sinf = 0 6)

>_Fy = 0; uN - Fy, sin6 - Fy cos® = 0 @)

As the test or pulling progresses, with the increase in applied load,
the shear force at the interface increases; when the (F; sin0 + Fj, cos0) >
uN, the concrete key region (K1-K2-K3) gets sheared (along K1-K2) and
forms a pipe for the strands to slide. Consequently, this failure facilitates
the free movement of the strands and the concrete keys along the
interface K1-K2 surface (complete pull-out failure). This indicates (as
discussed earlier) that the f,; plays a role on the slope of the initial region
of the t-s plot (say, up to yield point); but not on the yield point or t5.
Therefore, the load required to fail the concrete keys is same irrespective
of the slip of the strand. Thus, the bond failure of the PTC members
depends on the failure of the concrete keys between the wires, which is a
function of the mechanical properties of concrete and the interlocking
effects due to the shape of the concrete keys/helical strands.
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5. Conclusions

This study emphasizes that the existing test methods to determine
the bond strength (1) in rebar-concrete systems cannot be used for
strand-concrete systems (say, PTC systems) because of the associated
prestress and the definition of 7, as stress at 2.5 mm slip. To develop a
suitable test procedure, pull-out specimens of different length and
prestress levels were tested. The results concluded that existing 2.5 mm
slip method is not suitable for determining the 7}, of PTC systems, as Tp
becomes a function of f,s and l.. Based on the bond stress-slip (t - s)
behavior obtained for specimens with different compressive strength
(fo), prestress (f,s), and embedment length (1), this study proposes a new
method to determine 13, using yield bond stress (ty;eiq) obtained from the
7 - s graph. The determined ty;4 is independent of the applied f,,; and I,
and similar for both taut and stressed strands (about 3 MPa). Hence, it is
concluded that the taut strand specimens can be used to determine the 1},
of PTC systems; and hence, the complexity in determining the 13 of PTC
systems can be reduced. Also, it was concluded that the failure of strand-
concrete depends on the failure of concrete keys, which is a function of
shear strength of concrete and interlocking effects due to the helical
shape of the strands.
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