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It is well known that prestressed concrete is highly suitable for railway sleepers because
of its many advantages in performance, maintenance, sustainability, and construction.
Prestressed concrete design can improve structural performance since the prestress
enables fully compressed cross sections. Higher tensile resistance of prestressed
concrete can then take place. However, longer-term performance and durability
of concrete sleepers largely depends on creep and shrinkage behaviors. On this
ground, the effects of time-dependent phenomena on prestressed concrete sleeper are
investigated in this study. In the past decades, a number of material models have been
established to estimate creep and shrinkage behavior, but those were mostly based on a
generic reinforced concrete design concept. The common uses of prestressed concrete
have led to practical concerns by practitioners whether those existing predictive models
could be realistically applied to prestressed concrete applications. Due to a relatively
higher initial elastic shortening in prestressed concrete, the creep and shrinkage effects
should be critically reevaluated among flexural members. This study embarks on
comparative studies into the effects of creep and shrinkage on prestressed concrete
railway sleepers. A thorough comparison between prediction models underpinned by
European Standard Eurocode 2, American Standard ACI, and Australian Standard
AS3600-2009 enables new insights into the time-dependent performance of railway
concrete sleepers installed in various locations or in different continents. This implies that
the durability of railway concrete sleepers can be undermined differently when exposed
to different conditions even in the same rail network. The insights stemmed from this
study will help track engineers to better design and maintain railway infrastructure,
improving asset management efficacy.

Keywords: railway sleepers, creep, shrinkage, prediction model, comparative study

INTRODUCTION

Railway sleepers (or called “railroad ties”), which are generally manufactured using timber,
concrete, steel, or other engineered materials, are one of the main safety-critical components
of railway track structures (Esveld, 2001). Concrete sleepers have been initially used on rail
tracks since 1884 and have recently been used almost everywhere in the world. The major
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roles of sleepers are (i) to transfer wheel loads from the
superstructure to the substructure and (ii) to secure the gauge
between rails for safe passages of trains. In reality, wheel/rail
interactions over common defects in either a wheel or a
rail can cause severe impact loading conditions (Remennikov
and Kaewunruen, 2005; Kaewunruen, 2014; Remennikov and
Kaewunruen, 2015; Kaewunruen and Remennikov, 2008a,b,c;
Remenikov and Kaewunruen, 2008; Remennikov et al., 2011;
Fujino and Siringoringo, 2016; Kaewunruen et al, 2016a;
Yahiaoui et al, 2017). The impact loads can significantly
undermine structural integrity and durability of railway sleepers
over the time. Such actions can exacerbate the structural
behaviors of the concrete sleepers affected by extreme or hostile
environmental conditions. For example, shrinkage cracks can
be further open from the dynamic actions, resulting in water
and chloride penetrations, as well as carbonation and corrosion.
On this ground, it is vital to understand the time-dependent
behaviors of concrete sleepers in order to pre-design and risk-
manage the concrete sleepers over their entire service life.

Reinforced concrete was initially used for railway sleepers
over a century ago. However, poor structural performance
and extensive damage have proved that traditional reinforced
concrete design was not an effective solution for railway
sleepers. Therefore, a prestressed concrete design concept
has been developed and adopted for railway sleepers instead
of traditional reinforced concrete structures. The prestressed
concrete concept can result in lower maintenance costs and
longer life cycles in terms of economic and technical aspects.
Nowadays, the most commonly used type of sleepers around
the world is the prestressed concrete type, which can provide
higher serviceability, stability, and safety, especially in suburban
and heavy haul rail networks (Kaewunruen and Remennikov,
2010; Parande, 2013; Taherinezhad et al., 2013; Kaewunruen,
2014; Tang et al., 2015; Padhi and Panda, 2017). Prestressed
concrete sleepers must successfully perform to satisfy two key
responsibilities: first, transfer the wheel loads from the rails
to the ground, and later, restrain the rail gauge to ensure the
dynamic and safe travels of trains. However, in some cases,
creep, shrinkage, and elastic shortening stemmed from improper,
unexpected material responses can foul the rail gauge by excessive
time-dependent behaviors (for example, too tight rail gauge,
splitting cracks at fasteners, vertical cracks along dowels, holes or
web openings). Note that, in reality, concrete sleepers are often
modified at construction sites to fit in other systems, such as
cables, signaling devices, and drainage pipes. These modifications
can further result in structural damages in concrete sleepers when
excessive time-dependent behaviors are present.

Creep and shrinkage responses can largely influence the
durability and long-term behaviors of prestressed concrete
railway sleepers (Wakui and Okuda, 1999; Gustavson, 2002).
A number of material models have been developed to predict
creep and shrinkage, but those are mostly based on a generic
type of concrete and on certain applications of traditional
reinforced concrete structures (Wang, 1996; Warner et al,
1998; Bentz, 2000). Worldwide adoptions of prestressed concrete
in long-span bridges, stadiums, silos, and confined nuclear
power plants have led to various concerns by practitioners

whether those predictive models could be realistically applied
to prestressed concrete components (Ercolino et al., 2015;
Li et al, 2015). Due to high initial prestress and elastic
shortening in prestressed concrete, the creep and shrinkage
effects need to be critically reevaluated. This study investigates
and compares methods to evaluate creep and shrinkage effects
in prestressed concrete railway sleepers. Comparison among
design codes of EUROCODE2, ACI, and AS2009-3600 will
provide practical insights into the long-term behavior and
durability of railway concrete sleepers. The outcome of this
study will help track engineers to better design, manufacture,
inspect, and maintain railway infrastructures, improving asset
management efficacy.

Three approaches have been adopted in order to meet the
research aim. Initially, the design codes have been rigorously
reviewed in order to understand how these design codes can
be used to properly predict creep and shrinkage. In this
stage, a calculation sheet for each code has been developed.
All calculations have been carried out analytically. The, the
analytical data are analyzed. The sensitivity analysis has been
carried out to study the effect of creep and shrinkage.
The different codes of practice are performed in order to
conduct a comparative study. In practice, the concrete sleepers
are manufactured within a day by accelerating the concrete
strength to meet the transfer requirements. As such, more
realistic losses of prestress and the resultant sleeper shortenings
can be established.

This research aims at providing a principal understanding
of creep and shrinkage effects for railway prestressed concrete
sleepers’ design and manufacture. After introducing the design
codes, the parametric analyses are presented. In this investigation,
four key parameters (strength, relative humidity, age at first
loading, and curing time) are considered to highlight creep and
shrinkage effects. The loss of prestress as a result of deformations
due to creep and shrinkage are discussed. This research will
also provide a state-of-the-art review of common design criteria
of prestressed concrete based on Eurocode 2, the American
Concrete Institution code, and Australian Standard 2009-3600.
It will then determine creep and shrinkage effects in prestressed
concrete railway sleepers (Gjorv, 2013; Kaewunruen and
Remennikov, 2013). The creep and shrinkage characteristics in
prestressed concrete sleepers have been thoroughly investigated
in the past. This study provides new findings to better understand
the sensitivity of key vulnerable parameters that can significantly
affect railway concrete sleepers exposed to various environmental
conditions even in the same railway line in a rail network. In
addition, the insights into the application of the design methods
will be illustrated in order to provide a new guideline for applying
those existing codes of practice.

CREEP

Neville (1995) stated that the strain increases with time even
when the concrete is loaded constantly, due to creep effect.
Therefore, creep can be defined by the increase of strain in
concrete under a sustained stress. With time increments, the

Frontiers in Built Environment | www.frontiersin.org

August 2020 | Volume 6 | Article 130


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/
https://www.frontiersin.org/journals/built-environment#articles

Lietal

Creep and Shrinkage in Railway Concrete Sleepers

increased strain can be several times larger than initial strain.
Generally, creep is a considerable factor in concrete structures.
Bhatt (2011) stated that creep can be defined as the increase
of strain with time when the stress is held constant. The
displacement of concrete can gradually increase with time when
the load is left in place. Such displacement can reach a value as
large as three to four times of the initial or immediate elastic
deformation. The inelastic deformation due to the constant load
is known as creep deformation. Figure 1 shows the behavior of
the creep strain over time.

Creep develops in cement paste, which is made of colloidal
sheets formed by calcium silicate hydrates and evaporable
water. Creep can be influenced by several factors such as
concrete mix and environmental and loading conditions. Creep
is commonly inversely proportional to concrete strength (e.g.,
higher strength concrete tends to have lesser creep). In addition,
aggregate content and size as well as water/cement ratio can
also affect creep strain. Environmental factors like relative
humidity, temperature, and exposure conditions also play a
significant role on creep. Duration and magnitude of stress and
the first loading age are external loading parameters in the
creep predictions (Vittorio, 2011). When creep is taken into
account, its influences on the design life of concrete sleepers are
always evaluated under quasi-permanent combination of actions
irrespective of the design situation considered, i.e., persistent,
transient, or accidental. Based on such complex situation, various
codes of practice simplify each critical parameter to suit its
local conditions. On this ground, it is crucial to revisit each
code of practice.

Eurocode 2
The total creep strain e (¢, o) of concrete due to the constant
compressive stress of o. applied at the concrete age of fy
is given by
15
8CC (t’ tO) = (p (ta tO) X Ec

c

A
loaded by constant stress unloaded
= F
© i elastic & creep
s
€ b4 I recovery
c creep | ¢
- ©
7] c 1
g)L 1
ol | residual creep
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" ol 1 1 deformation
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FIGURE 1 | Creep strain over time.

where ¢ (2, tp) is the final creep coefficient; E. is the tangent
modulus.

¢ (t, o) = QrH X o3 !
e (0.1 4+1520)
o =14 1—-0.01 x RH o < 35MPa
0.1+ h*»
1—-0.01 x RH
YRH = (1 + 0.1—1—118'333&1) oy, fcm > 35MPa

35 0.7 35 0.2
Otlz(ff) ,OLQZ(‘/*) fcm:fck+8MPa
cm cm
9 a
to =t —_— >0.5, a={—-1(S), O(N), 1(R
0 O’T(2+té;%) > {(=1(9), 0(V), 1(B)}

where RH is the relative humidity in percentage; hy is the ratio
of cross-sectional area and perimeter of the member in contact
with the atmosphere, hy = 2A./u; S, R, and N refer to different
classes of cement.

ACI Code

According to ACI 209-92, the only predicted parameter is creep
coeflicient ¢ (¢, ), and its empirical equation is given by

(t—to)V

@ (t to) = m@u

where ¢ (t, tp) is the creep coefficient at any time ¢ when a load
is applied at age t; d (in days) and \ are considered constants
for a given member shape and size that define the time-ratio part.
ACI-209R-92 recommends an average value of 10 and 0.60 for
d and s, respectively; ¢, is the ultimate creep coefficient. For
the ultimate coefficient ¢,,, the average value is suggested using
2.35. However, the creep coefficient still needs to be modified by
correction factors:

@y, = 2.35y,
Ye = Ye,t0Yc,RHY c,vsYc,sYe, U Vsh,a

where vy, 1 is the loading age factor; y. rp is the ambient relative
humidity; vy is the volume-to-surface ratio of the concrete
section; Y, s is the slump; v,y is the amount of fine aggregate;
Vsh,a is the air content.

Australian Standard AS3600-2009

In accordance with AS3600, the creep coeflicient at any time
@cc can be determined by

Qe = kaksksks e

where k; is the development of creep with time; k3 is the factor
which depends on the age at first loading t (in days); k4 is the
factor which accounts for the environment; ks is the factor which
accounts for the reduced influence of both relative and humidity
and specimen size; and ¢, is the basic creep coeflicient.
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The development of creep with time k; can be calculated by

o (l’ _ T)O'8

P\ 0 —
2T (=18 1 0.154,

oy = 1.0 + 1.12¢0-008%
ty = 2A4/u,

where ¢ is any time in days; #;, is the hypothetical thickness; Ay
is the cross-sectional area of the member; and u, is the portion
of the section perimeter exposed to the atmosphere plus half the
total perimeter of any voids contained within the section.

Factor k3 which depends on the age at first loading t can be

shown as
2.7

= —— (f 1d
1T log(®) (for T > ay)

3

Factor k4 accounts for the environment:
k4 = 0.7 for an arid environment
k4 = 0.65 for an interior enviroment
ks = 0.60 for a temperate enviroment

ks = 0.5 for a tropical or near — coastal enviroment
Factor ks is given by
ks = 1.0, f. <50 MPa
ks = (2.0 — a3) — 0.02 (1.0 — a3) f., 50 < f. < 100 MPa

where a3 = 0.7/ (kg0 2).
The basic creep coefficient ¢ can be determined by
interpolation or extrapolation from Table 1.

SHRINKAGE

Concrete shrinkage is the time-dependent strain in an unloaded
and unrestrained specimen at a constant temperature. Shrinkage
is not an entirely reversible process in comparison with creep.
Both creep and shrinkage are influenced by similar factors such
as relative humidity, concrete strength, and cement. Shrinkage
can be divided into plastic shrinkage, chemical shrinkage,
thermal shrinkage, and drying shrinkage. The shrinkage strain
is usually considered to be categorized into drying shrinkage
and endogenous shrinkage. Drying shrinkage is the volumetric
reduction due to the loss of water during the drying process.
Endogenous shrinkage is sometimes used to refer to the other
part of shrinkage of the hardened concrete that is not associated
with drying (i.e., this is the sum of autogenous and thermal
shrinkage) (Bhatt, 2011; Gilbert et al., 2016).

Eurocode 2
The total shrinkage strain €. can be given by

€cs = €4s + €qs

where g4 is the drying shrinkage strain; e, is the autogenous
shrinkage strain.

The drying shrinkage strain eg4; can be estimated by

eds = PBas(t, to) X ecdgo X ky

€cdo = 0.85[(220 4 1100451) X exp (—0sqn X 0.1fem) ]

x1.55[1 — (0.01RH)*] 10°

(t - ts)

(t— 1) +0.04, /1)

where kj, is a coefficient which depends on the national size h;
RH is the relative humidity in percentage; hyp = 2Ac/u in mm, Ac
is the cross-sectional area, and u is the perimeter of the member
in contact with the atmosphere. The values of parameter o4, and
0452 as a function of the type of cement are shown in Table 2.
The autogenous shrinkage strain €, can be calculated from

Bds (ta f()) =

€as = Pas(t) X €cq(00)
£ (00) = 2.5 X (f — 10) x 107°
Bas () =1 — eXp(_O-ZtOIS)

ACI Code

The shrinkage strain eg, () at age of concrete t (days), predicted
from the start of drying at t,, can be calculated by

(t - tc)u
(=)o

€y = 780 X 107° mm/mm (in/in)

Esh (t) =

where f (in days) and a are considered to be constant values
for a given member shape and size that define the time-ratio
factor, respectively. The average value for f is recommended to
be 35 days of moist curing, and a is suggested to use 1.0. g, is
the ultimate shrinkage strain, and (¢ — t.) is the time between end
of curing and any time after curing.

For the ultimate shrinkage strain ey, , the average value is
suggested to be 780 x 10~¢ mm/mm. However, the shrinkage
strain still needs to be modified by correction factors:

Eg = 780Yg, X 107® mm/mm (in/in)

Ysh = VYsh,tcYsh,RHY sh,vsYsh,sYsh,yYsh,cYsh,a

TABLE 1 | Basic creep coefficient in accordance with AS3600.

f, (MPa) 20 25 32 40 50 65 80 100

Qcc.b 5.2 4.2 3.4 2.8 2.4 2.0 1.7 1.5

TABLE 2 | Cement type and coefficient.

Cement type st Ogs2
S 3 0.13
N 4 0.12
R 6 0.11
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where g, is the initial moist curing coefficient; yg, ryy is
the ambient relative humidity coeflicient; yg, s is the volume-
to-surface ratio of the concrete section coefficient; yg, s is the
slump coefficient; yg,  is the fine aggregate coefficient; and
Yshc is the cement content factor coeflicient; yg, o is the air
content coefficient.

Australian Standard AS3600-2009

The total shrinkage strain €. is shown below:
€cs = Ecse T Ecsd
where €. is the autogenous shrinkage strain; e, is the
drying shrinkage.
The autogenous shrinkage can be calculated by
€cse = € cse (1.0 — exp {—0.1¢})
¢ ey = (0.6fc’ - 1.0) x 50 x 10~ (f in MPa)
€esdp = (1.0 — 0.008](5) X 8/csd.b

where €4, depends on the quality of the local aggregates
and may be taken as 800 x 107° for concrete supplied in

Sydney and Brisbane, 900 x 10~% in Melbourne, and 1000 x
1076 elsewhere.

The drying shrinkage strain ¢ after the beginning of drying
(t — t4) can be estimated as

€csd = k1kagesa

where k; is the factor, which describes the development of
drying shrinkage with time; k4 is the factor, which accounts for
the environment.

The factor k; can be given by

ap (t — tg)"8

k =
! (t — 14)%8 + 0.15¢,

ap = 0.8 + 1.2 exp{—0.005t,}
The factor k4 accounts for the environment:
k4 = 0.7 for an arid environment
k4 = 0.65 for an interior enviroment

ks = 0.60 for a temperate enviroment

ks = 0.5 for a tropical or near — coastal enviroment

220

22-5MM
Agp = 6.70 mm/m

208

| 250 |

FIGURE 2 | Cross section of railway sleepers (Remennikov et al., 2011).

(1) Length of sleeper: 2700mm
(2) Track gauge: 1600mm

(3) Prestressing force: SS0kN
(4) 22No. strands at Smm dia.
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RESULTS AND DISCUSSION

The effects of various key parameters that have significant
influences on creep, shrinkage strain, and loss of prestress
are evaluated, in order to establish new practical insights
for design, manufacture, and maintenance of railway concrete
sleepers under uncertain settings (Kaewunruen et al, 2015,
2016b; Setsobhonkul et al., 2017; Li and Kaewunruen, 2019).
The fundamental engineering properties of prestressed concrete
sleepers used for calculation are based on previous investigations
by Remennikov et al. (2011). The parametric results are generated

for comparisons between Eurocode 2 (EC2), the American
Concrete Institution’s code (ACI), and Australian Standard
AS3600-2009 (AS). Figure 2 shows the cross section at rail seat
of the prestressed concrete sleepers.

Creep Parametric Study

Strength of Concrete

Parametric studies into the effect of concrete strength have been
conducted using different characteristic strength of concrete
(55, 65, and 80 MPa) in order to determine the relationships
between the strength of concrete and creep curves, which are

Creep coefficient vs. Relative humidity (EC)
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FIGURE 4 | Relative humidity—creep relationship. (A) Euro Code 2, (B) ACI and (C) AS3600-2009.
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illustrated in Figure 3. It is important to note that, according
to the empirical formula in ACI209R-92, the creep coeflicient
calculation is not directly related to concrete strength. As a result,
the creep strain and creep coeflicient behaviors are determined
by only EC2 and AS3600, respectively. All cases are estimated
from 14 days up to 18,250 days (50 years, which is a design
service life of concrete sleepers) in the same conditions (e.g.,
uniform dimension of sleepers, 70% relative humidity, and first
loading at 14 days).

Relative Humidity

To investigate relationships between the relative humidity and
creep, three cases with different relative humidity (40, 60,
and 80%) are displayed from the obtained data as shown in
Figure 4. The creep strain and creep coefficient are determined
by using EC2, ACI, and AS3600-2009 codes, respectively. All
cases are estimated from 14 days up to 18,250 days (50 years)
in the same conditions (uniform dimension of sleepers, 55 MPa
strength of concrete).

Shrinkage Parametric Study

Strength

Figure 5 demonstrates the influences of different strengths on
shrinkage behaviors. Note that according to the formula in
ACI209R-92, the shrinkage behavior is also not directly related
to concrete strength, analogously to creep. On this ground, this
study focuses only on EC2 and AS3600 approaches.

Relative Humidity
Figure 6 highlights the influences of different relative humidity
(RH) on the shrinkage characteristics.

Curing Time
Figure 7 shows the
different curing times.

shrinkage behaviors affected by

Discussion
Based on the sensitivity analyses, the creep and shrinkage
behaviors that occurred within prestressed concrete sleepers can
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be dependant to a variety of factors. According to the analysis
results, the loss of prestress depends largely on axial strain. This
implies that a large strain will result in more prestress loss in
prestressed concrete sleepers.

Considering a variety of concrete strengths (i.e., 55, 65, and
80 MPa), the parametric characteristics of creep coeflicient and
shrinkage strain are given in Figures 3, 5. It can be observed
that a higher strength of concrete exhibits lesser creep. However,
the characteristics of shrinkage strain are different from creep.
It is apparent that a higher-strength concrete sleeper has higher
shrinkage strain at the initial stage. However, over a longer
term, the total shrinkage strain of higher strength concrete
becomes lesser than that of lower strength concrete. The total
shrinkage strain consists of autogenous shrinkage and drying
shrinkage, which is an allowance for early thermal shrinkage and
is assumed to develop relatively rapidly and to increase with
concrete strength.

With respect to the relative humidity, the characteristics
of creep coeflicient and shrinkage strain are demonstrated in
Figures 4, 6. It is clear that, with the increase in the relative
humidity, both creep and shrinkage in prestressed concrete
sleepers decrease.

Our studies illustrate that autogenous shrinkage causes more
losses of prestress for higher-strength concrete in comparison
with relatively lower-strength concrete at the initial period
(Australian Building Codes Board, 1994; Fryba, 1996; Stevens
and Dux, 2004). In fact, our prediction results confirm
the experimental investigation campaigns done in Australia
(Remennikov and Kaewunruen, 2014, 2015).

By comparisons among EC2, ACI, and Australian Standard, it
can be observed that the prediction results obtained from each
method are not similar even exactly under the same conditions.
The main reason leading to different results can be attributed
to the fact that different design codes concentrate on different
parameters and have been established differently. For example,
the predicted strain values are largely dependent on the relative
humidity and concrete strength. Higher relative humidity causes
lesser creep and shrinkage, which induce lower losses of prestress.
Note that the environmental factors according to Australian
geographic climate are utilized in Australian Standard instead of
the relative humidity. In the ACI code, the concrete strength is
not directly used for time-dependent behavior predictions, but
the main parameters, which are related to the concrete strength
such as cement content, air content, and fine aggregate content,
are heavily used in the predictions.

CONCLUSION

The service life of railway prestressed concrete sleepers depends
largely on a variety of factors such as concrete and material
characteristics, environmental conditions, dynamic loading
amplitude, and external abrasions. However, time-dependent
behaviors of the concrete sleepers can also influence their
durability and long-term performance in the field. In real life,
creep and shrinkage strains can potentially have more significant
influence on the deformation of track components. In harsh

environments, the railway infrastructure generally experiences
highly aggressive loading conditions from increased traffics and
load demands. At certain scenarios, a train derailment could
happen because of track gauge change (i.e., tight gauge at
such critical locations as crossing, slips, etc.). The track gauge
change can be stemmed from the shortening and inelastic
deflections incurred by creep and shrinkage in prestressed
concrete sleepers. There are a number of existing codes of
practice, enabling the predictions of creep and shrinkage. Three
main design codes are examined critically in this paper. Key
parameters that influence creep and shrinkage from a theoretical
viewpoint for prestressed concrete sleepers are emphasized.
A state-of-the-art review of research on time-dependent creep
and shrinkage has been carried out in order to establish
comprehensive methods for comparative analyses. This research
embarks on the comparative parametric investigations into a
variety of methods to determine creep and shrinkage effects
in prestressed concrete railway sleepers. Comparisons among
the design codes, including European Standard EUROCODE?2,
the American Concrete Institute ACI Code, and Australian
Standard AS3600-2009, provide new practical insights into
the time-dependent performance of concrete sleepers. The
parametric effects of creep and shrinkage strains have been
determined. Limitations of existing codes have been identified
together with the recommendations and guidelines for code
applications. The outcome of this study will help track engineers
to better design, manufacture, inspect, and maintain railway
infrastructures in order to enhance asset management efficacy
and effectiveness.
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