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ABSTRACT:

The bond behaviour of prestressing strands in precast pretensioned concrete members, and its
transmission length, depends on several factors. However, no consensus exists on the main
parameters to be considered in the expressions to predict the transmission length. Usually
when the concrete properties are considered, only the concrete compressive strength is
included. This study analyzes the influence of concrete composition made up of different
cement contents and water/cement ratios on the bond behaviour in transmission of seven-wire
prestressing strands. The bond properties and the transmission lengths have been determined.
The results show that the influence of the water/cement ratio is very small for concretes with
lows cement contents, but the influence of the water/cement ratio on the transmission lengths
is highly significant when cement content is high. The effect of cement content in the
transmission lengths can reveal different tendencies based on the level of the water/cement
ratio.
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1. INTRODUCTION

The manufacturing process of pretensioned concrete members consists of three stages: first
the prestressing reinforcement is tensioned; next, the concrete member is cast around the
prestressing reinforcement; and finally, the prestressing reinforcement is released, and the
prestressing force is transferred to the concrete by bond. After this, the force in the
reinforcement will vary from a zero value at the ends of the member to a constant maximum
(effective prestressing force) in the central zone (Fig. 1). Transmission length (L+) is defined
as the distance required to develop the effective prestressing force in the prestressing

reinforcement [1,2].

The transmission length estimation is important in the design exercise [3]. According to the
codes [1,2], transmission length must be experimentally determined, and different
methodologies have been proposed (for example strand pullout test, strand slip, concrete
strain [4]). Although a considerable amount of experimental research has been carried out, no
consensus exists on a standard test method for bond properties determination [2]. Recently, an
experimental methodology (the ECADA! test method) based on the measurement and the
analysis of the force supported by the reinforcement in specimen series with different

embedment lengths, has been conceived [5], and its feasibility has been verified [6].

The industry of precast prestressed concrete members aims to obtain products in the shortest

possible time. For this reason, an early age usually fixed by the concrete compressive strength

! ECADA is the Spanish acronym for “Ensayo para Caracterizar la Adherencia mediante Destesado y
Arrancamiento”; in English, “Test to Characterize the Bond by Release and Pull-out”.
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is required at prestress transfer. However, some authors and code provisions for transmission
length propose expressions in which concrete properties are not a parameter [1,7-10]. Only
the concrete compressive strength is included when concrete properties are considered [2,11-

17].

Several authors [3,11,12,15-17] conclude that the concrete strength at prestress transfer has a
clear influence on the transmission length. For other authors [18] the influence of concrete
strength on the transmission length obtained was found no systematic. Furthermore, [19]
indicates that the influence of the concrete compressive strength on the bond capacity of

strands is not clear.

The cement content and the water/cement (w/c) ratio are important parameters of the concrete
mix design. Nevertheless, few studies [20-24] have been undertaken regarding their influence
on the bond properties. [20,21] conclude that the bond strength decreases when the wi/c ratio
increases, and also a bond improvement has been found [22] when the w/c ratio increases. On
the other hand, greater bond strength to a larger cement content has been found in [20,21],
whereas the authors in [23,24] concluded that an increased cement content produces a
diminution of bond strength. Therefore, additional knowledge about the bond behaviour of
prestressed reinforcement is required to better design exercise in precast pretensioned

concrete members.

In this paper, an experimental study to analyze the influence of the concrete composition of
concretes made with varying cement contents and with different water/cement ratios on the

bond behaviour in transmission of seven-wire prestressing strands is presented.
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2. EXPERIMENTAL STUDIES

2.1. Test procedure

The test method used (ECADA test method) is based on the measurement and analysis of the
force supported by the prestressing reinforcement in pretensioned concrete members with
different embedment lengths [5]. For this purpose, specimens with different embedment
lengths (the embedment length is a test variable) were prepared in prestressing frames 2000
mm in length, like that shown in Fig. 2. The experimental setup includes an anchorage-
measurement and access system (AMA system) at one of its ends (stressed end). The AMA
system has been designed to guarantee the anchorage of the prestressing reinforcement at the
stressed end, simulating the sectional rigidity of the concrete specimen. The force supported
by the prestressing reinforcement is controlled at all times during the test by means of a
hollow force transducer HBM C6A located in the AMA system. An adjustable anchorage is
placed at the opposite end (free end) of the prestressing frame to facilitate the tensioning and
to release operations of the prestressing reinforcement. A hollow hydraulic jack of 300 kN of

capacity completes the test equipment.

A detailed description of the ECADA test method is included in [5]. The test procedure can be

summarized as follows:

Preparation stage:
e Alignment of the reinforcement in the prestressing frame.

e Reinforcement tensioning.
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e Anchoring the reinforcement by the adjustable anchorage; the hydraulic jack is
relieved.

e Casting the specimen: the concrete is mixed, placed into the moulds of each frame,
and consolidated; the specimens remain under the selected conservation conditions

until the time of testing.

Testing stage:

e Release: the hydraulic jack is remounted on the free end and the adjustable anchorage
is removed; the hydraulic jack is unloaded, triggering the transfer of the prestressing
force to the concrete.

e Stabilization: after a stabilization period (two hours in this study), the loss of force

supported by the reinforcement after release (AP) is measured (see Fig. 3).

Although it is not included in this study, the test can continue with a pull-out operation of the

reinforcement from the stressed end to analyze the anchorage length.

2.2. Transmission length determination

For each transmission length determination a series of specimens with a variable embedment

length are casted and tested with the ECADA test method.

Fig. 3 shows an example of a specimen test result; the evolution of the force applied by the
hydraulic jack and that supported by the prestressing reinforcement over time. The

represented force in the reinforcement corresponds to the variation of force registered during
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the testing stage (release and stabilization). The force loss AP depends on the specimen

embedment length.

If the embedment length of a specimen is greater than the transmission length, the force loss
AP is perceptibly constant and independent of the embedment length. In these cases, the force
loss is due to the compatibility of strains between the concrete and prestressing reinforcement,

and the prestressing force which transferred Pt coincides with the effective prestressing force.

If the specimen embedment length is lesser than the transmission length, the force loss AP
noted in the reinforcement at the AMA system after the stabilization period includes bond
failure effects. This loss will be greater when the specimen embedment length is lower. The
prestressing force transferred to the concrete Pt will be lower than the effective prestressing

force.

The transmission length can be determined with the ECADA test method by attempting series
specimens with different embedment lengths and by classifying the individual results of each

test (AP) according to the embedment length.

The transmission length is determined as the shortest specimen embedment length in that it
reaches the minimum value of AP of the series (Fig. 4). The resolution in the determination of
the transmission length depends on the sequence of the specimen embedment lengths tested.

The feasibility and the reliability of the test method have been verified in [5,6].

2.3. Bond stress determination
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The average bond stress (Ut) developed along the transmission length characterizes the

prestress transfer phenomenon, and is expressed by Eq. (1):

U; = Py
4 Ly

1)

Where U~ is the average bond stress (MPa), Pt is the prestressing force transferred (N), Lt is

the transmission length (mm), and ¢ is the nominal diameter of prestressing strand (mm).

2.4 Test programme

Four families of concrete were analyzed. Each family was characterized by its cement content
(350, 400, 450 and 500 kg/m®) and was composed of concretes with different w/c ratios
(between 0.3 and 0.5). All concretes were designed with a constant gravel/sand ratio of 1.14.
The additive was dosed for the purpose of obtaining a consistency adapted for the
manufacture of the specimens. A total of twelve concrete mix designs were manufactured.
Table 1 shows the analyzed mix designs with a range of concrete compressive strength (f;;) at
the time of release (24 hours from concreting) from 24 to 55 MPa. This range has been
established as representative of the precast prestressed concrete industry according with the
requirements of the collaborating companies in this study and according with the Spanish
code provisions [25] for prestress transfer (concrete stress after prestress transfer must not
exceed 0.6 f;;). Table 1 also includes the tested embedment lengths for each concrete mix

design.
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The materials used for the manufacture of concretes were: cement was an ordinary portland

cement type “CEM I 52.5R” according with the European standard EN 197-1:2000 [26] with
a guaranteed 52.5 N/mm? strength grade, 7/12 (mm) crushed limestone coarse aggregate, and
rolled and washed 0/4 (mm) limestone sand. A polycarboxylic ether-based high range water-

reducing admixture (2% of cement content) was included in the mixes.

The prestressing reinforcement was a 13 mm diameter seven-wire prestressing steel strand
with a guaranteed 1860 N/mm? ultimate strength typified as “Y 1860 S7 13.0” according with
the Spanish standard UNE 36094:97 [27]. According to the supplier’s quality certificate, its
main specifications were: section, 99.69 mm?; ultimate load, 192.60 kN; 0.2% elastic limit,

177.50 kN; modulus of elasticity, 196.70 kN/mm?.

The testing parameters were:

e Specimens were 100 x 100 mm? cross-sectioned (to avoid splitting failure) with a
concentrically prestressing strand.

e The prestressing strand was tested in the as-received condition, and was not treated in
any special way.

e The strand prestress level was of 75 percent of specified strand strength (maximum
level of prestress according to the Spanish code provisions [25] for pretensioning).

e Specimens were subjected to the same consolidation and curing conditions, and they
were conserved under laboratory conditions.

e The release was performed 24 hours after concreting gradually at a controlled speed of
0.80 kN/s (to simulate the gradual release method used by the collaborating companies

in this study).
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3. TEST RESULTS AND DISCUSSION

For each concrete mix design, the transmission length is determined from a series of 6 to 12
specimens with different embedment length. As an example of the process of transmission
length determination following the criterion of the ECADA test method Fig. 5 shows the loss
of force registered, based on the embedment length of each specimen test for the C-350-0.50
concrete. Table 2 provides the results of the transmission lengths and the average value and
the standard deviation of the effective prestressing force obtained in specimens with
embedment length equal to or greater than the transmission length for all concrete mix

designs.

The transmission length has been calculated with the 12-4 equation of ACI 318-08 [1] as a
reference value. For an average effective prestressing force of 130.8 kN for the analyzed
concretes, a transmission length of 810 mm is obtained (the effect of the standard deviation
has been neglected as it is very small). According to the ACI 318-08 [1], this value do not

depends on the concrete properties.

Most of the studies analyzing the transmission length are orientated on the influence of
parameters like the concrete compressive strength, strand diameter or bond strength. Several
studies have proposed predictive formulas to obtain the transmission length [17]. However,
there are not found in the literature any expression from transmission length involving the
concrete mix design parameters as cement content or w/c ratio. It was not the objective of this

study to found a new design formula, but only to point out the influence on the transmission
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length of the concrete composition. To this end, linear regression analyses were performed

taking as singles variables parameters the concrete dosage or strength.

3.1. Influence of the w/c ratio

Fig. 6 illustrates the results of transmission length based on the w/c ratio. It is observed that
the greater the wic ratio, the greater the transmission lengths obtained. The results adjust to a
linear tendency according to Eq. (1) with a R? = 0.63. The obtained tendency agrees with
[20,21], as opposed to [22].

L, =860.6(w/c)+184.5 (2
3.2. Influence of the concrete strength

Fig. 7 shows the results of the transmission length based on the concrete compressive strength
at testing time f;;. The transmission length decreases when fg; increases. The results adjust to a
linear tendency according to Eq. (2) with a R? = 0.68. The obtained tendency agrees with
[3,11,12,15-17] (an extensive literature review and comparisons on proposed equations for
transmission length of 13 mm prestressing steel strands is available in [17]).

L, =746.7 —4.4f 3

3.3. Influence of cement content

10
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Fig. 8 illustrates the results of the transmission length based on the cement content used in
each concrete mix design. It is observed that the transmission length is of 550 mm for all
concretes with 350 kg of cement by m®, irrespectively of the w/c ratio. The transmission
length for the rest of the concrete mix designs depends as much on the cement content as on
the wic ratio. If the wic ratio is high, the transmission length increases when the cement

content increases; if the w/c ratio is low, it diminishes when the cement content increases.

These tendencies agree with [20,21] when the w/c ratio is low (if the cement content
increases, the bond capacity increases, and the transmission length decreases), and with
[23,24] when the wi/c ratio is high (if the cement content increases, the bond capacity

decreases, and the transmission length increases).

3.4. Influence of water content

Fig. 9 shows the variations of the transmission length based on the effective water content of

the concrete. A general tendency is that the transmission length increases when the water

content increases. An important increase of the transmission length is detected for concretes

with highly effective water contents (200 I/m?). When the effective water content is very low

(140 I/m?), transmission lengths greater than which would correspond to the general tendency

are noted. It is likely that this is owing to the fact that in the compaction conditions used, that

is, in those concrete mix design with water content that are so adjusted, the attainment of a

correct compaction is hardly evident.

11
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As a consequence a multiple variable effect of the concrete composition parameters is
evident. A more complete analysis was performed concerning the bond strength in the next

section.

Finally, the fact that the obtained transmission lengths, other than depending on the concrete
properties and composition, they are lower than the transmission length obtained according to
ACI 318-08 [1] can be emphasized. An overestimation of the measured transmission lengths

by ACI 318-08 provisions also has been detected in several experimental studies [4,15,28].

3.5. Bond stress

Fig. 10 illustrates the average bond stress values in transmission of the analyzed concretes
obtained according to Eq. (1). In order to obtain this value for each concrete mix design, the
effective prestressing force considered is the average value of results of the prestressing force
transferred on those specimens whose embedment length is equal to or greater than the
transmission length. For same cement content, a reduction in the average bond stress is

observed when the w/c ratio increases.

The influence of the w/c ratios seems to be clear in concretes with high cement content and
less obvious when cement content is low. It must be explained by considering that the
remaining free water in concrete increases as the cement content, and then the concrete
porosity influencing the bond behavior also increases. As this is an effect related with the total

free water, the w/c ratios is more influent when cement content is high.

12



294  Fig. 11 shows the average bond stress values in transmission based on the concrete

295  compressive strength f.i. When f;; increases, an increase of the average bond stress in the
296  transmission takes place. This tendency can be explained with greater clarity if the combined
297  effect of the concrete strength and the cement content is analyzed. Thus, a linear slope

298 tendency is evaluated differently when the results corresponding to concretes with fixed

299  cement content in the mix are analyzed separately. Table 3 shows the expressions of the

300 obtained lines of tendency for each cement contents.

301

302  Once an interaction between the composition variables was detected, in order to consider the
303 influence of this interaction, a linear multiple regression analysis on the experimental results
304  was performed. It is evident that cement and water content are not independent with the wi/c
305 ratio or compressive strength. That is why we selected as independent parameters the cement
306  content (C, kg/m®) and the concrete compressive strength (f;, MPa) as they are the best

307  known parameters when casting and producing concrete. To include the interaction effect in
308 the study an additional parameter (C-f;;) was considered. The obtained expression is show in

309 Eg. (4). A R? = 0.87 was found that demonstrates a very good correlation.

310
0.43Cf_, —144f_, —20C
311 U; = < = +11.08 4
T 1000 )
312

313  The validity of Eq. (4) has been verified for 13 mm prestressing strand by comparing its
314  predictions with the experimental results of different researchers available in the scientific
315 literature (Fig. 12). The selection of the results to be included in the comparison was

316  conditioned to the availability of the data necessary to calculate the average bond stress

317  (transmission length, effective prestressing force, cement content and concrete strength), and

13
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that the test conditions (i.e. strand diameter, prestress level, gradual release) were similar to

those of this study.

Fig. 12 presents the results of the tests performed by each author for each test condition
characterized by concrete strength and cement content. The value of the calculated
transmission length is obtained from Eq. (1) by taking the result of applying the experimental

parameters of each author to Eq. (4) as the average bond stress (Ur).

The specimens that were tested in similar conditions to those of this study were seen to fit to
the theoretical value, as in the case of the tests in [15] -2A and 2B-. The discrepancies in the
results correspond to different test conditions. Thus, the slow or gradual release of rough
strands are shown for lesser transmission lengths than for the theoretical transmission length
[29] -1A- and [30] -4A and 4B-, whereas the smooth strands with a sudden release present

greater transmission lengths [8] -3C and 3D-.

6. CONCLUSIONS

The conclusions from this study are as follows:

e The increases in the w/c ratios, particularly if they are obtained with high water contents,
along with the logical reduction in concrete strength, entail a clear increase of the
transmission lengths.

e For concretes with low cement contents (350 kg/m®), the influence of the wic ratio is very

small, and the transmission lengths are practically constant. However, if the cement content is

14
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high (500 kg/m®), the influence of the w/c ratio in the transmission lengths is highly
significant.

e The variations in the cement content for constant w/c ratios show different tendencies
based on the level of the w/c ratio at which it works. If the wi/c ratio is high, an increase in the
cement content leads to increases in the transmission lengths; for a low w/c ratio however, an
increase in the cement content entails a reduction of the transmission length.

e The application of the provisions to determine the transmission length according to ACI
318-08 is conservative for the results obtained in this study.

e A rrelationship between the average bond stress in transmission (Ut), and the variables
cement content (C) and concrete compressive strength at release (f.;), has been found.

e The validity of this obtained expression has been verified by comparing its predictions
with the experimental results of different authors. A good adjustment for the tests performed
in similar conditions to those of this study has been found. It has, however, been observed that
the superficial conditions of the prestressing strand or varying release methods can cause

significant variations in the transmission length values.
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