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Abstract: This paper presents an experimental research work that evaluates the pre-stress loss
caused by friction in crushed limestone sand (CLS) concrete members with post-tensioning. A total
of 26 full-scale pre-stressed concrete beams were constructed and tested for the friction loss
experiment. The considered variables mainly included the duct-forming materials, wires of tendons
and arrangement of ducts. The tensile forces at both active and passive ends of specimen were
recorded by steps, and then the pre-stress friction loss for each case was calculated. The result shows
that the proportion of pre-stress friction loss in specimen with multi-wire tendons is in the range of
10-40%, with the trend first increasing before decreasing. The pre-stress friction loss in specimen
with curve duct accounts for 10-30%. The pressure on the curved part definitely increases the friction
when compared with the straight duct. The pre-stress friction loss in specimen with rubber hose
reaches nearly 40%, which is larger than the metal bellow and plastic bellow. The suggested values
for each case are proposed for a deviation coefficient x of 0.0017-0.007 and a friction coefficient y of
0.108-0.858. This can provide reliable theoretical support for the design and construction.

Keywords: pre-stress loss; friction factor; pre-stressed concrete; curved duct

1. Introduction

Recently, manufactured sand has been deemed to be a suitable alternative to river sand for the
application and substitution of concrete aggregate [1,2]. The crushed limestone sand is generally
more angular, has rougher surface texture and larger amounts of fine sand. Compared with normal
concrete, CLS concrete has high elastic modulus, strength and mechanical behavior [2]. Because of the
advantages above, crushed limestone sand (CLS) concrete is widely used in pre-stressed structures [3,4].

The design for pre-stressed structures involves consideration of the effective force at each stage
of loading, together with material properties and individual circumstances. Existing empirical
formulas are employed to estimate pre-stress loss caused by elastic shortening, creep, shrinkage,
friction, relaxation of the pre-stressed tendon and temperature [5-9]. Numerous factors influence the
pre-stress loss of CLS concrete, including the type of cement, aggregates used, the mix of concrete,
etc. CLS concrete with large elastic modulus is sensitive to the increase in concrete age, and the creep
and shrinkage is more obvious than normal concrete [2]. When compared with long-term pre-stress
loss [5-8], the instantaneous loss caused by friction also significantly affects the initial pre-stress force
of the tendon [10-15]. The effective force inevitably decreases due to the friction loss between the
pre-stressing tendon and duct [10]. Nowadays, extensive laboratory tests on pre-stress friction loss
have been carried out. The Anchorage-Measurement-Access (AMA) system is the main experimental
idea proposed for estimating the pre-stress friction loss [16]. Two full-scale pre-stressed concrete
girders were constructed [17] and the influence at various pre-stress levels was discussed. The actual

Appl. Sci. 2018, 8, 0683; d0i:10.3390/app8050683 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/8/5/0683?type=check_update&version=1
http://www.mdpi.com/journal/applsci
http://dx.doi.org/10.3390/app8050683

Appl. Sci. 2018, 8, 0683 20f16

friction loss measured at low pre-stress levels was larger than the theoretical results, with the two
eventually converging as the pre-stress level increased. The average pre-stress friction loss accounted
for 10-20% of the initial tensile stress. Local bending of tendons at the continuous joint of pre-stress
concrete girders may develop eccentricity, which leads to friction loss [18,19]. As the eccentricity
increased, a pre-stress friction loss of 2.5% occurred. During experimental measurement and practical
monitoring, the friction loss was shown to contribute a certain proportion of the tension control
stress [20-23]. Therefore, the relevant estimation and calculation method had been explored and
improved. Zhang et al. analyzed the relationship between the friction torque and tangent angle of
curved duct under different tension levels, before effective formulas were derived to consider friction
loss [24]. Guo simulated the space curve tendon means of the iterative method and proposed key
parameters to predict the friction loss [25]. Wu et al. described the interactions between the tendon
and concrete by the finite-element method, before establishing the numerical procedure to represent
the friction and bond at the interface [26].

The friction loss is considered in two parts: the length effect and curvature effect. The deviation
coefficient x and friction coefficient y are provided in current specifications for these effects [27].
These coefficients are determined by concrete properties, duct straightness and surface of tendon
and its surrounding material. However, the properties of CLS concrete differ in elastic modulus,
strength and surface texture [28,29]. Moreover, current on-site construction technique has been rapidly
improved to strictly control duct straightness. At the same time, various duct-forming materials are
utilized to satisfy requirement in engineering. There have been great differences between the friction
loss predicted by specifications and measured values in some cases. The definition of friction loss
should be dependent on specific conditions. Thus, the suggested values are not suitable for evaluating
the pre-stress friction loss of CLS concrete. With the application of manufactured sand concrete in
pre-stressed structures, a systematic study of the pre-stress friction loss is highly necessary.

In this paper, to accurately calculate the pre-stress friction loss in CLS concrete members with
post-tensioning, 26 full-scale pre-stressed concrete beams were constructed based on two bridge
projects. The tensile forces were applied and recorded through a loading and measuring system,
then the pre-stress friction loss at each stress degree was calculated. Investigations have been carefully
carried out to measure the effect of a variety of parameters, such as the duct-forming material
(rubber hose, metal bellow and plastic bellow), wires of tendons (single-wire and multi-wire) and
arrangement of ducts (straight and curve duct). The results show that the friction is influenced by
multiple variables, with the pre-stress friction loss in each case having been compared. The deviation
coefficient x and friction coefficient i are modified and proposed for the CLS concrete member with
post-tensioning, which can provide theoretical support and suggestions for actual projects.

2. Experimental Program

2.1. Theoretical Basis

Friction loss is conveniently considered in terms of the effect of length and curvature [27].
As shown in Figure 1, the pre-stressed tendons are first discrete, but they rearrange and squeeze
against each other after tensioning. Consequently, certain friction occurs, which may resist the control
stress. Furthermore, as shown in Figure 2, the location of tendon changes after tensioning. The effective
length tends to be short and the local deviation cannot be ignored. Thus, the effective force should
exclude the pre-stress loss caused by the friction and length deviation.
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Figure 1. The friction in pre-stressed tendons.
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Figure 2. Local deviation.

According to the Code for Design of Concrete Structures of China (GB50010-2010), the pre-stress
loss caused by the first source is defined in Equations (1) and (2):

1
012 = Ocon(1 — W> 1

0 =/a?+ ¢? (2)

where 07, is pre-stress loss due to friction; « is the influence coefficient of the frictional resistance
caused by local deviation in unit length of the duct; y is friction coefficient between the pre-stressed
tendons and duct wall; ¢on is the control stress under anchor; x is the projected length of duct; 6 is the
angle between the active end and tangent of duct; « is the angle between the tendon and the vertical
axis; and ¢ is the angle between the tendon and the horizontal axis.

For straight steel tendons, 6 can be regarded as 0 and « is calculated as:

In(1— 22

— Jcon 3
X - ®)

Once « is obtained, the y for curve steel tendons is calculated as Equation (4):

— [Kx +1In(1— ﬂ)}

Ocon

p= 0 4)

The principle of least square method is adopted to reduce the errors and Equation (1) can be
described as:

Ocon o
Kx—l—ptG—ln(m)—O ®)

Therefore, the x and p can be obtained by at least two groups of data, while the certain error A; of
i-th pre-stressed tendon can be calculated according to Equation (6). Based on the maximum principle
of the least square method, the sum of squares of A; can be described as Equations (7) and (8):

- Ocon
€= 11‘1(‘7con — 012 )’ ©)

KX; + ]/191' —& =N (7)
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The equations for x and y are described as:
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where 7 is the quantity of ducts.

Thus, the x and y are precisely calculated after the data of I; and ¢; are measured. The current
specifications provide the suggested value of ¥ and y for normal concrete as shown in Tables 1
and 2 [20]. These codes indicate that the coefficients depend on tendon type and duct material.

Table 1. Suggested values of x and y in Chinese code.

Material of Duct K 2

Metal bellow 0.0015  0.200-0.250
Plastic bellow 0.0015 0.140-0.170
Rubber hose 0.0015 0.550

Table 2. Suggested value of x and y in ACI code.

Material of Duct Type of Tendon K i
Wire tendons 0.0033-0.0049 0.15-0.25
Flexible metal sheathing 7-wire strand 0.0016-0.0066 0.15-0.25
High strength bars ~ 0.0003-0.0020 0.08-0.30
Rigid metal duct 7-wire strand 0.0007 0.15-0.25

2.2. Material Properties

This experimental research work is based on the projects of Malinghe Bridge and Wujiang Bridge
in Guizhou Province, China. The CLS with a fineness modulus of 3.3 incorporated with 12.3%
limestone dust (finer than 75 microns) was obtained from local production. The coarse aggregate
contains crushed limestone with 5-31.5 mm of continuous gradation. According to GB50010-2010,
the concrete is designed at a grade of C50 and the mix proportions are shown in Table 3. Three concrete
cubes (150 mm x 150 mm x 150 mm) were tested at 28 days. The average compressive strength and
elastic modulus was 58.6 MPa and 4.52 x 10* MPa, respectively. The 7®5 low relaxation pre-stressed
tendon is used in specimens, the standard strength is f,, = 1860 MPa and the non-pre-stressed bars
have a grade of HRB335.

Table 3. Mixture of crushed limestone sand concrete (unit: kg/ m?).

Cement CLS Coarse Aggregate Water
458 759 1048 160
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2.3. Specimen Fabrication and Testing Technique

An experiment on pre-stress friction loss in CLS concrete members with post-tensioning was
conducted to investigate the following variables:

(1) The number of tendons: The number of tendons is calculated by the required equivalent
load [27]. In large bridge engineering, the number of tendons in one duct is usually more than 10 wires.
The interactive extrusion may cause certain friction between one tendon and another. With an increase
in the number of tendons, the inner friction is more obvious. As a contrast, the single-wire is necessary.

(2) The arrangement of ducts: The straight duct cannot be perfectly linear due to small wobbles in
the construction process, and tendons in the curve duct will produce a large normal pressure. Both two
cases will lead to additional friction. First, « is solved by Equation (3) in straight duct (6 = 0). Then,
u is calculated by Equation (4) based on the obtained x. Thus, specimens with both straight and curve
ducts are necessary.

(3) The duct-forming material: The rubber hose, metal bellow and plastic bellow are widely used
for the duct in pre-stress engineering nowadays. The friction is directly determined by the smoothness
of contact surface. Moreover, the amplitude of wobbles relies on the stiffness of duct material, so the
pre-stress friction loss can obviously differ due to the duct-forming material properties.

The variables above are critical in influencing the friction loss. In this work, a series of full-scale
pre-stressed concrete beams for post-tensioning were designed, including the three parameters above
(Table 4). Based on the project of Malinghe Bridge, 3 concrete beams with a total of 30 ducts were
constructed, which is shown in Figures 3 and 4. Based on the project of Wujiang Bridge, 23 concrete
beams with a total of 37 ducts were also constructed, which is shown in Figures 5 and 6. Thus,
at least 3 ducts are prepared for each case to ensure that the measured data are adequate and effective.
It should be mentioned that the length of the specimen with a straight duct in the Malinghe Bridge
project is shorter due to the limitations of local conditions.
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Figure 3. Arrangement for the duct based on the project of Malinghe Bridge: (a) straight tendons with
1, 3,12, 19 and 22 wires; (b) curve tendons with 1 and 3 wires; and (c) curve tendons with 12, 19 and
22 wires (unit: mm).
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Table 4. Details of the specimen.

6of 16

Project Arrangement of Duct Length/mm Number of Tendons Material of Duct
Malinghe Bridge Straight 15,000 1,3,12,19 and 22 wires Plastic bellow
Curve 9000 1,3,12,19 and 22 wires Plastic bellow
. . Metal bellow, plastic
Straight 18,000 1 and 19 wires bellow and rubber hose
Wauyjiang Bridge .
Curve 9000 1 and 19 wires Metal bellow, plastic

bellow and rubber hose

(0

Figure 4. General view of the specimens: (a) straight tendons with 1, 3, 12, 19 and 22 wires; (b) curve

tendons with 1 and 3 wires; and (c) curve tendons with 12, 19 and 22 wires.
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Figure 5. Arrangement for the duct based on the project of Wujiang Bridge: (a) straight tendons with
1 wire; (b) curve tendons with 19 wires; (c) curve tendons with 1 wire; and (d) curve tendons with

19 wires (unit: mm).
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Figure 6. General view of the specimens: (a) straight tendons with 1 wire; (b) curve tendons with
19 wires; (c) curve tendons with 1 wire; and (d) curve tendons with 19 wires.

Figure 7 shows the dimensions of specimens in Figure 4a,c (§ = 20°), and the reinforcement
arrangements of other specimens are similar. Due to limitations of project, the cross-section of
specimens is not unified. However, the friction loss mainly occurs along the length and there are no
y-axis loss concerns. The non-prestressed bars are used to support the specimen and to prevent partial
crushing at two ends, it hardly affects the pre-stress friction loss. Figure 8 shows the metal bellow and
plastic bellow, and the rubber hose can be seen in Figure 6c.

$10@200
(=]
w)
ﬂ; I
s ]
S| T e
~ o N-F -
-
ﬂ:' S ——
3 ——
wy
<t
11622
i 15000
(a)
(=)
<
=
S|
(=3
= § i
- e ————
&
08@200
9000

(b)

Figure 7. Dimension of specimens: (a) specimen for straight tendons; and (b) specimen for curve
tendons (unit: mm).
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Figure 8. The used metal bellow and plastic bellow.

Figure 9 shows the loading and measuring system. A hydraulic actuator with an end-adjustable
anchorage device was installed at active end. Two force transducers were installed at both ends of
the specimen. One was used to control the force from the hydraulic actuator and the other was used
to record the force excluding the friction, which was then used to calculate ¢j,. The data acquisition
system was connected to the force transducers, and the data can be directly recorded. The loading
device is shown in Figure 10 with a control stress (0con) of 0.75 fx and the load is applied by steps.
Six steps were set up, including 10%, 30%, 60%, 80%, 90% and 100% of ccon. At each level, the load
was maintained for two minutes, before the values were recorded. It should be noticed that the
elastic shortening is usually accompanied by the tensioning process [30]. However, for post-tensioning
member, the concrete shortens as that tendon is jacked against the concrete. Since the force in the
tendon is measured after the elastic shortening have taken place, so no loss in pre-stress due to that
shortening need to be accounted for [27].

Hydraulic actuator Concrete beam Force transducer

Force transducer Pretressd tendon Ny
Na - .

End-adjustable Anchorage
anchorage

Figure 9. Measurement program for « and .

Figure 10. Loading device.
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3. Test Result and Analysis

3.1. Measured Pre-Stress Loss

Based on the project of Malinghe Bridge, the forces of active and passive ends at different
stress degrees were measured and the ¢; is calculated by Equations (6)—(8), as shown in Figure 11.
According to the theoretical basis above, there is a positive correlation between ¢; and the pre-stress
friction loss 07;. The standard deviation of ¢; in Figure 11 is 0.0311, 0.0253, 0.0646, 0.0118 and 0.0267.
Despite certain discreteness, the pre-stress friction loss at each stress degree is generally stable. It should
be mentioned that certain friction occurs in the 19-wire straight tendons during construction and
installation, so the pre-stress friction loss at a low stress level is larger in Figure 11d. In most cases,
the pre-stress friction loss in specimens with curve duct is relatively larger than that in straight duct.
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Figure 11. Instantaneous ¢; at each stress degree: (a) 1 wire; (b) 3 wires; (c) 12 wires; (d) 19 wires; and (e) 22 wires.
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Table 5 shows that pre-stress friction loss directly increases in each duct. The large normal pressure
on the curved part increases the additional friction. The pre-stress friction loss is in the range of 2-10%
in straight duct and 8-20% in curve duct.

As the number of tendons increases, the proportion of pre-stress friction loss first increases,
but it subsequently decreases because that the increasing trend of total initial tension have exceeded
the friction loss. The pre-stress loss is generally 4-16% in single-wire specimens, while 10-40% in
multi-wire specimens. This illustrates that both duct arrangement and number of tendons have a great
influence on pre-stress friction loss. The average value in each case is shown in Figure 12.

10% - 24% -
8% 20%-
g g 16%
& 6% i=]
3 A
5 2 1291
S 4% g
o O 8%-
2% 4%
0% - 0% -
1 3 12 19 22 1 3 12 19 22
Number of strands Number of strands
(a) (b)

Figure 12. Average pre-stress losses: (a) straight duct; and (b) curve duct.

Table 5. Measured pre-stress loss.

Wires Straight Tendons Curve Tendons
N,/kKN Np/kN Pre-Stress Loss N, /KN Np/kN Pre-Stress Loss
214.43 204.64 4.57% 217.63 190.93 12.27%
1 215.26 208.25 3.26% 215.36 187.11 13.12%
216.29 200.82 7.15% 214.02 178.76 16.48%
585.98 538.02 8.18% 523.97 461.60 11.90%
3 590.98 536.36 9.24% 530.58 467.45 11.90%
601.00 543.80 9.52% 542.98 489.98 9.76%
2327.21 2185.95 6.07% 2312.40 1835.56 20.62%
12 2348.91 2214.88 5.71% 2258.68 1846.41 18.25%
2337.23 2205.79 5.62% 2300.00 1823.87 20.70%
3705.43 3465.15 6.48% 3548.84 3256.06 8.25%
19 3713.18 3462.12 6.76% 3556.59 3265.15 8.19%
3644.96 3357.58 7.88% 3499.22 3309.09 5.43%
3996.90 3883.33 2.84% 4144.19 3650.00 11.92%
22 4043.41 3939.39 2.57% 4167.44 3757.58 9.83%
4124.03 4012.12 2.71% 4192.25 3724.24 11.16%

Based on the project of Wujiang Bridge, the ¢; at different stress degree is calculated as shown
in Figure 13. The standard deviation of ¢; in Figure 13a—c is 0.2046, 0.1224 and 0.0477, indicating that
pre-stress loss in metal bellow and plastic bellow is small and stable. The pre-stress friction loss for
each case is shown in Table 6. The value in specimen with rubber hose is the largest and nearly reaches
40%, as shown in Figure 14. Mainly due to being flexible, the rubber hose can easily become deformed
during construction and concrete pouring. The metal bellow and plastic bellow have a relatively larger
stiffness and smoother contact surface, allowing for the quality and precision to be strictly controlled.
The duct-forming materials also significantly influence the friction loss.
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Figure 13. Instantaneous ¢; at each stress degree: (a) rubber hose; (b) metal bellow; and (c) plastic bellow.

Table 6. Measured pre-stress loss.

. . Straight Tendons Curve Tendons
Material Wires
Nga/kN  Np/kN  Pre-Stress Loss N,/kN N,/kN  Pre-Stress Loss
185.11 174.36 5.81% 184.28 147.59 19.91%
1 187.71 174.88 6.84% 195.72 160.93 17.78%
189.79 176.43 7.04% 189.27 161.33 14.76%
Rubber hose
335295 2067.67 38.33% 3365.08 1975.94 41.28%
19 344432  2396.99 30.41% 3334.11 2045.11 38.66%
3398.64 2232.33 34.32% 3304.68 2115.79 35.98%
175.85 170.94 2.79% 184.80 171.23 7.34%
1 180.01 174.88 2.85% 184.48 162.73 11.75%
184.59 178.50 3.30% 181.36 167.28 9.28%
Metal bellow
3249.19 3057.14 5.91% 3229.05 2368.42 26.65%
19 3346.76  3090.23 7.67% 324454 2363.91 27.14%
329797 3073.68 6.80% 3236.80 2366.17 26.90%
185.63 172.11 7.28% 182.51 165.09 9.29%
1 180.01 171.17 4.91% 180.01 162.47 10.73%
. 184.80 172.42 6.70% 182.09 167.27 8.09%
Plastic bellow
3142.08 2766.92 11.94% 3354.50 2906.77 13.35%
19 3236.55 2766.92 14.51% 3334.37 2818.05 15.48%

3199.38  2899.25 9.38% 3171.75  2600.00 18.03%
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Figure 14. Average pre-stress losses: (a) 1 wire with straight duct; (b) 1 wire with curve duct; (c) 19 wires

with straight duct; and (d) 19 wires with curve duct.

3.2. Comparison of Theoretical and Measured Pre-Stress Forces

Figures 15 and 16 show the comparison between the measured values and theoretical values
predicted by the Chinese and ACI codes. In the specimen with single-wire, the predicted values for
metal bellow and plastic bellow are accurate, but prediction is overestimated for the specimen with
rubber hose. The actual pre-stress force only accounts for 85.26% (predicted by Chinese code) and
89.60% (predicted by ACI code). In the specimen with 19 wires, the predicted values are obviously
larger. In particular, the measured values account for 74.93% (predicted by Chinese code) and 65.49%
(predicted by ACI code). It can be seen that the coefficients are improperly selected for evaluating
pre-stress friction loss, especially in the case of different duct materials.
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Figure 15. Pre-stress forces of specimens with a single-wire and curve duct based on Wujiang Bridge
made of: (a) rubber hose; (b) metal bellow; and (c) plastic bellow.
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Figure 16. Pre-stress forces of specimens with 19 wires and curve duct based on Wujiang Bridge
made of: (a) rubber hose; (b) metal bellow; and (c) plastic bellow.

Generally, the pre-stress friction loss of each case is measured through a series of experiments.
The variables (duct-forming material, wires of tendons and arrangement of duct) are proven to
significantly affect the friction loss. The friction loss ranges 4-16% in with single-wire, and 10-40%
in multi-wire. Friction between the tendons is the main factor. Due to pressure on the curved part,
the friction loss in curved duct (10-30%) is surely larger than straight duct (10-20%). As for the
difference in smoothness of contact surface and material stiffness, friction loss in rubber hose is the
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largest (nearly 40%). Thus, the source of pre-stress friction loss is clearly defined, and it can be
controlled by aiming at the above factors.

The suggested values for x and y based on two projects were calculated, as shown in Figures 17
and 18. The generally suitable values for the crushed limestone sand (CLS) concrete members with
post-tensioning are given in Table 7. When compared with Tables 1 and 2, these values are prepared
for each case. The coefficients are generally larger and more accurate than that of the codes. This may
provide a necessary reference for the construction of pre-stressed structures with CLS concrete.

0.006 - 7 0.30

0.005

0.25
0.004 0.20
0.003 015 x
0.002 0.10

0.05

0.00

1 3 12 19 22
Number of wires

Figure 17. Suggested values based on project of Malinghe Bridge.
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B B
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N 3 < 0.010 402 X
0.002 4 10.4
0.005 10.1
0.001 10.2
. lo. 0.000 . 0.0
Rubber hose Metal bellow Plastic bellow Rubber hose Metal bellow Plastic bellow
(a) (b)

Figure 18. Suggested values based on project of Wujiang Bridge: (a) 1 wire; and (b) 19 wires.

Table 7. Suggested values for CLS concrete at each case.

. Single-Wire Multi-Wire
Material of Duct
K H K H
Metal bellow 0.0017 0.654 0.0030 0.337
Plastic bellow 0.0040  0.289  0.0070  0.108
Rubber hose 0.0039 0.858 0.0160 0.378

4. Conclusions

The pre-stress friction loss in the crushed limestone sand (CLS) concrete with post-tensioning was
investigated and discussed in the present study. Several parameters were considered, including the
number of tendons, arrangement of ducts and the duct-forming material. The following conclusions
can be drawn:

(1)  With an increase in the number of tendons, both the total initial tension and friction subsequently
increase. The proportion of pre-stress friction loss first increases before decreasing. The pre-stress
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@)

®)

4)

loss is generally 4-16% in specimens with single-wire, while this is 10-40% in specimens with
multi-wire. The friction of inner tendons was shown to form the majority of the instantaneous
pre-stress loss.

The friction in specimens with curve duct is definitely larger than that in straight duct.
The proportion is 10-30% in curved duct and 10-20% in straight duct. First, large pressure
is applied to the curved part. Moreover, the effective length is shortened because the location
of tendon changes after tensioning. The curvature effect is the dominant factor in curve duct,
which may result in additional friction.

When compared with different duct-forming materials, the pre-stress friction loss in specimens
with rubber hose is the largest and reaches nearly 40%. The rubber hose tends to deform and
wobble by extrusion, which especially occurs during the concrete pouring. As the contact surface
of metal bellow and plastic bellow is smooth, the pre-stress friction loss is smaller. This part of
friction loss is mainly determined by the stiffness of duct material and nature of contact surface.
The frictional resistance x and friction coefficient y for CLS concrete member with post-tensioning
were modified and detailed for each case. The parameters x and y are at the ranges of 0.0017-0.007
and 0.108-0.858, respectively. We hope that this work will provide references for the design of
pre-stressed concrete structure and engineering applications.
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