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Abstract: The tendon stress in bonded prestressed concrete (BPC) beams is section-dependent
while it is member-dependent in unbonded prestressed concrete (UPC) beams, leading to marked
difference between these two structural systems. However, little work has addressed the bond effect
of steel tendons. This research presents comparative investigations of BPC and UPC beams with
various prestress levels. A numerical model is experimentally validated. Numerical assessments are
conducted for simply supported and continuous scenarios, focusing on the effects of bond condition
and prestress level. The results show that BPC beams exhibit better crack pattern (i.e., smaller crack
width with larger crack zone) than UPC beams. The difference in ultimate loads or deflections
between BPC and UPC beams depends heavily on the prestress level (the values of UPC beams
are around 64% and 94% of those of BPC beams at prestress levels of 25% and 75%, respectively).
Unbonded tendons produce greater moment redistribution in continuous scenarios than bonded
tendons. It is also shown that the ACI code cannot well describe the bond impact of steel tendons on
moment redistribution in continuous scenarios. A modified ACI equation is proposed, which can
predict accurately the moment redistribution in both BPC and UPC beams.

Keywords: bonded tendon; unbonded tendon; prestressed concrete; numerical modeling; beam

1. Introduction

Prestressed concrete (PC) combines high concrete compression with strong tendon
tension in an active manner, leading to substantially improved behavior of both materials.
PC members offer many advantages over reinforced concrete (RC) counterparts such as
higher structural stiffness, better durability, and smaller cross section for longer-span
members. As a result, PC members are widespread in engineering such as medium and
long-span PC bridges worldwide [1].

Both bonded and unbonded prestressing techniques are commonly used in practice.
In bonded prestressed concrete (BPC) beams, the strain in tendons is compatible with
the surrounding concrete, and thus the tendon stress is section-dependent. However,
in unbonded prestressed concrete (UPC) beams, the tendons are free to move along the
duct, and so there is no strain compatibility between the tendon and surrounding con-
crete. Friction losses in unbonded tendons are practically small, and the tendon strain
is uniformly distributed along the tendon length. Therefore, the stresses in unbonded
tendons are member-dependent. The difference in tendon stress evolutions results in
marked performance discrepancy between BPC and UPC beams. For example, if tendons
are made of fiber reinforced polymer (FRP), bonded tendons may be ruptured prior to
concrete crushing while the use of unbonded technique can effectively alleviate the rupture
failure [2]. Although numerous theoretical and experimental studies on BPC [3–7] and UPC
beams [8–12] are available, little work has addressed the bond effect of steel tendons in PC
beams [13]. Hussien et al. [13] conducted an experiment regarding simply supported BPC
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and UPC beams made of different concrete grades. Their work showed that BPC beams
exhibited much better structural performance than UPC beams in terms of the ductility,
stiffness and deflection.

Moment redistribution occurs when a continuous beam enters into its inelastic range.
Kodur and Campbell [14] carried out a parametric evaluation by utilizing a computer pro-
gram and developed a pair of predictive equations for moment redistribution in continuous
BPC beams depending upon loading type (concentrated load and uniformly distributed
load). Lou et al. [15] examined the redistribution of moments in two-span BPC beams made
of either normal or high-strength concrete. Their work showed that at a given neutral axis
depth or tension steel strain, high-strength concrete led to lower moment redistribution
than normal-strength concrete. Zhou and Zheng [16] performed an experimental investiga-
tion into moment redistribution in two-span UPC beams, and developed two formulae for
redistribution quantification based on their test data. The relative stiffness was recognized
as the most critical factor influencing moment redistribution in continuous RC [17] or PC
beams [18]. Although extensive research on moment redistribution was presented, the
bond impact of steel tendons on redistribution in continuous PC beams has not yet been
addressed.

The prestress level is crucial in design of PC structures [19]. It is well known that
the ultimate load of BPC beams is almost independent of the prestress level as bonded
tendons usually have yielded before failure of the structure. By contrast, unbonded tendons
generally have not yielded in failure [20] and, therefore, the ultimate load of UPC beams
heavily depends on the prestress level. Consequently, the impact of prestress level on
moment redistribution of BPC continuous beams may be different from that of UPC ones.
Therefore, it is essential to identify the effect of prestress level in BPC and UPC beams.

This study aims to improve the state-of-the-art knowledge about the bond effect of
steel tendons in PC beams. The structural behavior of BPC and UPC beams with various
prestress levels is investigated by using an experimentally validated model. Two phases
of numerical assessments are carried out. The first phase of study aims at examining
the comprehensive response of simply supported PC beams such as the crack pattern,
load-deformation behavior, stress/strain in reinforcement and neutral axis evolution, while
the second phase of study emphasizes on moment redistribution in continuous PC beams.

2. Numerical Model and Its Validation
2.1. Numerical Procedure

A finite element analysis (FEA) procedure for modeling of BPC and UPC beams was
previously developed [21,22]. The following assumptions were adopted: plane sections
remain plane after deformation (unbonded tendons are excluded because of the strain
incompatibility between the tendons and surrounding concrete [23–26]); bonded reinforce-
ments perfectly interact with the concrete; shear deformations are negligible; and friction
losses in unbonded tendons are negligible.

The stress-strain responses of concrete, prestressing and nonprestressed steels are
respectively shown in Figure 1a–c, in which σ and ε represent stress and strain, respectively;
subscripts c, p and s are concrete, prestressing steel and nonprestressed steel, respectively;
E is the elastic modulus; ε0, εcu and εck are concrete compressive strain at peak stress,
ultimate compressive strain and cracking strain, respectively; fcm and ft are concrete mean
compressive strength and tensile strength, respectively; fpy and fpu are prestressing steel
yield stress and tensile strength, respectively; and fy is the nonprestressed steel yield
strength. According to EC2 [27], fcm = fck + 8, where fck is the concrete characteristic cylinder
compressive strength. As shown in Figure 1a, the concrete under compression exhibits
elastic behavior until 0.4fcm, followed by nonlinear stress-strain behavior recommended
by EC2 [27]. The tensile concrete also exhibits elastic behavior until its tensile strength,
followed by linear tension-stiffening. The strain at the end of tension-stiffening is 10εcr,
where εcr = ft/Ec. The stress-strain curve suggested in [28] is applied for prestressing steel,
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as shown in Figure 1b. Nonprestressed steel is elastic and perfectly plastic, as shown in
Figure 1c.
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Figure 1. Stress-strain responses for materials. (a) concrete; (b) prestressing steel; (c) nonprestressed
steel.

Figure 2 illustrates a beam element having nodal displacement re = {ui, uj, vi, vj, θi, θj}T.
Assume that axial and transverse displacements are linear and cubic polynomial functions,
respectively. The element tangent equilibrium equations are expressed by

dRe = Ke
t dre = (Ke

o + Ke
g)dre (1)

Ke
o =

∫
V

BTEtBdV Ke
g =

∫
V

σJTJdV (2)

B =
[

dN1
dx −y d2N2

dx2

]
J =

[
0 0 dN2

dx

]
(3)

where Re is element equivalent nodal loads; re is the element nodal displacements; Ke
t is

the element tangential stiffness matrix which consists of the material stiffness matrix Ke
o

and the geometrical stiffness matrix Ke
g; Et is the tangential modulus; N1 and N2 are shape

functions.
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Figure 2. Beam element.

Note that the numerical treatments of unbonded and bonded tendons are different,
i.e., unbonded tendons contribute to equivalent loads while bonded tendons contribute to
stiffness matrix. Detailed numerical treatment can be seen elsewhere [21,22].

2.2. Model Validation

Two PC beam specimens (A-3 and D-3) tested by Du and Tao [29] are selected for model
validation. The two specimens were basically identical, except for the bond condition,
i.e., Specimen A-3 was unbonded while Specimen D-3 was bonded. Both specimens were
simply supported, with structure and section details illustrated in Figure 3. Material
parameters are given in Table 1, where σp0 is the initial prestress; Ap and As represent the
areas of prestressing and nonprestressed steels, respectively.
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Table 1. Design parameters of beam specimens.

Beam Bond
Condition

Steel Tendons Steel Rebars Concrete

Ap

(mm2)
fpy

(MPa)
fpu

(MPa)
Ep

(GPa)
σp0

(MPa)
As

(mm2)
fy

(MPa)
Es

(GPa)
fck

(MPa)
ft

(MPa)
Ec

(GPa)
εcu
(%)

A-3 Unbonded 156.8 1465 1790 205 820 236 430 200 30.6 2.95 33 0.35

D-3 Bonded 156.8 1360 1660 200 879 236 430 200 35.6 3.25 34 0.35

According to the FEA, both specimens fail in flexure by concrete crushing after the
formation of plastic hinges over flexural span. This failure mode agrees well with the
corresponding experiments. Figure 4 illustrates a comparison between numerically and
experimentally obtained load-deflection curves for the two specimens. The FEA reproduces
well the entire response curve, which consists of three stages, i.e., elastic stage up to
cracking, cracked elastic stage until yielding (nonprestressed steel) and post-yielding stage.
In addition, the FEA shows that the ultimate load of the UPC specimen (A-3) is about
10% lower than that of the BPC specimen (D-3), while the laboratory tests led to similar
observations. In the following sections, a comprehensive numerical research is conducted
to evaluate the bond effects in PC beams with various prestress levels.
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3. Simply Supported Scenarios

Simply supported PC beams with horizontal steel tendons (see Figure 5) are applied
for the first-phase study. Third-point loads are applied. The investigated variables are the
bond condition (bonded or unbonded) and initial prestress level σp0/fpu (ratio of initial
prestress to tendon tensile strength). The material parameters are as follows: Ap = 900 mm2,
fpu = 1840 MPa, fpy = 1564 MPa, Ep = 200 GPa, As = 720 mm2, fy = 450 MPa, Es = 200 GPa,
fck = 60 MPa, Ec = 39 GPa, ft = 4.4 MPa, εcu = 0.003. In the analysis, the weight of the beams
is converted into uniform load.
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3.1. Crack Pattern

Figure 6 shows the distribution of concrete tensile strains in failure in PC beams with
different bond conditions and prestress levels. All failures are caused by concrete crushing
at midspan. While concrete cracking is closely related to its tensile strain, the crack pattern
can be deduced from the graph of Figure 6.
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For BPC beams with various prestress levels, the maximum concrete tensile strains at
the critical section are almost identical, indicating that the maximum crack widths in these
beams are almost the same. However, the crack width over other zones for a beam with a
lower prestress level is obviously larger than that for a beam with a higher prestress level.
In addition, a lower prestress level leads to a larger crack zone.

For UPC beams, on the other hand, a lower prestress level mobilizes an obviously
higher concrete strain at the midspan, indicating wider cracks in the critical section. Over
noncritical zones, the crack widths for the 25% and 50% prestress levels are similar but
considerably smaller than that for the 75% prestress level. Moreover, the beams with
different prestress levels exhibit the same crack zone.

Due to the contribution of bonded tendons, BPC beams exhibit much better crack
pattern than UPC beams, as expected. At a given prestress level, UPC beams have larger
crack width at the midspan than BPC beams, but the difference is reduced as the prestress
level increases. In the noncritical zones, the crack width for UPC beams is smaller than that
for BPC beams, especially obvious at a low prestress level. The crack zone of UPC beams is
smaller than that of BPC beams.
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3.2. Moment-Curvature and Load-Deflection

Figures 7 and 8 show moment-curvature and load-deflection of BPC and UPC beams
with different prestress levels, respectively. These beams, except for BPC scenarios having
a 25% prestress level, exhibit three-stage behavior. The first-to-second-stage transition is
attributed to concrete cracking while the following second-to-third-stage transition comes
from yielding of nonprestressed steel. Each transition is featured by a marked reduction in
flexural stiffness. However, the yielding of nonprestressed steel does not produce noticeable
influence on the response of the BPC beam with a low prestress level of 25%. The reason
could be that at yielding of nonprestressed steel, the tendons remain elastic and make
greater contribution to flexural stiffness. In other words, the reduction in flexural stiffness
due to nonprestressed steel yielding is compensated by increased contribution of bonded
tendons.
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The prestress level has practically no influence, as expected, on the ultimate load of
BPC scenarios, attributed to the fact that bonded tendons have already yielded at failure
regardless of the prestress level. On the other hand, for UPC beams, the tendons have not
yielded because of slowly increasing tendon stress. Therefore, a greater prestress level
produces larger ultimate tendon stresses and thereby higher flexural strength and ultimate
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load. The ultimate load of UPC beams is smaller than that of BPC beams, notably at a low
prestress level. In this analysis, UPC beams show 35.4%, 17.4% and 5.3% lower ultimate
load than BPC beams at prestress levels of 25%, 50% and 75%, respectively. Moreover,
unbonded tendons lead to a greater ultimate curvature but a lower ultimate deflection
compared to bonded tendons, especially at a low prestress level. In this analysis, UPC
beams show 36.1%, 26.5% and 5.8% lower ultimate deflection than BPC beams at prestress
levels of 25%, 50% and 75%, respectively.

3.3. Reinforcement Behavior

Prestressed beams are subject to prestress losses. The tendon stress after prestress
losses is called as effective prestress. The immediate prestress losses in unbonded tendons
(18, 47 and 122 MPa at prestress levels of 25%, 50% and 70%, respectively) due to elastic
shortening at prestress transfer are comparable to that in bonded tendons (15, 44 and
120 MPa at prestress levels of 25%, 50% and 70%, respectively). Figure 9 presents the
increase in tendon stress, above the effective prestress, with the applied load. Marginal
stress increment is observed at initial loading. Concrete cracking and nonprestressed
steel yielding lead to much faster increase in tendon stress. After cracking, unbonded
tendons show slower stress increase than bonded tendons as expected. After yielding,
however, the bond condition has negligible impact on the increase rate in tendon stress.
This can be explained by the fact the post-yielding moment is controlled by the prestressing
tendons. Therefore, an increment in moment corresponds to certain increases in tendon
stress, regardless of the bond condition.
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Figure 9. Development of tendon stress with the applied load.

At failure, unbonded tendon stress is below the yielding stress of 1564 MPa, even
at a high prestress level of 75%. As a result, the tendons can be considered to be in their
elastic range, which is evidenced by an approximately linear stress-deflection relationship
as shown in Figure 10. In contrast, bonded tendons have yielded at ultimate, even at the
prestress level of 25%. As a consequence, the stress-deflection behavior exhibits marked
nonlinearity when approaching the yielding point. At the ultimate limit state, increasing
prestress levels produce higher ultimate stresses in unbonded tendons, while the prestress
level has negligible impacts on ultimate stresses in bonded tendons. For a given prestress
level, stresses develop substantially quicker in bonded tendons than that in unbonded
tendons when deflecting.
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Figure 11 presents strain and stress development in nonprestressed steel. The strain
development in the beams, except for BPC scenarios having the 25% prestress level, ex-
periences three stages. The transitions are caused by cracking and yielding. The yielding
stage is not apparent when bonded tendons with a low prestress level are used. After
cracking, the nonprestressed steel strain or stress in UPC beams develops quicker than that
that in BPC beams. This can be explained by the fact that at a given post-cracking moment,
unbonded tendons develop a lower stress, and hence a larger nonprestressed steel stress
is required for section equilibrium, when compared to bonded tendons. According to the
material law, once the nonprestressed steel reaches its yield strain of 0.00225, the stress
remains constant up to the ultimate. For UPC beams, increasing prestress levels produces
smaller ultimate strains in nonprestressed steel, indicating a lower ductility. By contrast,
the ultimate nonprestressed steel strains in BPC beams with different prestress levels are
almost identical.
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3.4. Neutral Axis Depth

Before introducing the applied load, the whole section is in compression at a 25%
prestress level. The concrete strain is around −85 µε at the bottom fiber and −25 µε at the
top fiber, suggesting that the initial neutral axis locates above the top fiber (see Figure 12).
At 50% and 75% prestress levels, the bottom fiber is in compression while the top fiber in
tension, suggesting that the initial neutral axis lies within the cross section (see Figure 12).
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Figure 13a,b illustrate the neutral axis evolutions in the midspan section with the load
and curvature, respectively. The neutral axis in UPC beams deviates from that in BPC
beams after cracking. The load versus neutral axis depth curves are markedly influenced by
the stabilization of crack evolution and the yielding of nonprestressed steel, as illustrated
in Figure 13a. At failure, unbonded tendons produce smaller neutral axis depths than
bond tendons. Their difference tends to be less notable with the increase of prestress level.
Greater prestress levels correspond to higher neutral axis depths in UPC beams, while the
effect of prestress level in BPC beams is insignificant.
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4. Moment Redistribution in Continuous Scenarios

Two-span continuous beams having parabolic tendon profile within each span (see
Figure 14) are applied for the second stage of study. The tendon eccentricities at end and
center supports and midspan are 0, 140 and 140 mm, respectively. The steel areas are:
Ap = 450 mm2, As1 = 1440 mm2, As2 = 720 mm2, As3 = 360 mm2, where the subscripts
s1, s2 and s3 are nonprestressed tension steels at positive, negative moment regions and
nonprestressed compression steel, respectively. Unless otherwise stated, other parameters
of the beams are the same as those presented in the previous section.
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4.1. Reaction and Moment

Figure 15 shows the evolution of end support reactions of both BPC and UPC scenarios
having various prestress levels. According the elastic theory, the reaction-load relationship
is always linear. The actual reactions obtained by nonlinear analysis deviate from the elastic
value when the beams enter into their inelastic range, attributed to the redistribution of
support reactions. During the inelastic range of loading, the actual end support reaction is
greater than the corresponding elastic value, indicating that the reaction is redistributed
from center to end support. The deviation between actual and elastic reactions in UPC
beams is more apparent than that of BPC beams and appears to be reduced as the prestress
level increases. This observation indicates that higher redistribution is achieved when
using unbonded prestressing technique or a lower prestress level.
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Figure 16 shows the load-moment relationship for BPC and UPC beams with different
prestress levels. Different from the elastic moment with a fixed growth rate, the growth
of actual moments is impacted by several phases, e.g., the onset of cracking and the
formation of plastic hinges. When first cracks appear in center support, its flexural stiffness
substantially decreases. Consequently, the moment in the center support is redistributed
toward the midspan, leading to a reduction in the growth rate in the center support
moment while an increase in the growth rate in the midspan moment. Similar redistribution
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behavior is observed on the formation of first plastic hinges. For a given post-cracking
load, unbonded tendons commonly lead to higher difference between the actual and elastic
moments.
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Figure 17 demonstrates the evolution of the ratio of the center support moment to the
midspan moment (secondary moment and self-weight moment are excluded) in BPC and
UPC beams with different prestress levels. Prior to cracking, the moment ratio remains
a constant value of 1.17, indicating no redistribution of moments. Beyond cracking, the
moment ratio tends to gradually decrease, while the decrease for UPC beams is faster than
that for BPC beams. This can be explained by the fact that moments tend to be redistributed
away from the center support and that unbonded tendons results in higher moment
redistribution than bonded tendons. In addition, the load versus moment ratios curves
are typically influenced by several phases including the stabilization of crack evolution,
the first yielding and second yielding of nonprestressed steel, as illustrated in Figure 17.
This is attributed to that these phases cause marked change in relative stiffness between
the midspan and center support sections, which is recognized as the most important factor
impacting moment redistribution [17,18].
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4.2. Percentage Moment Redistribution

Percentage moment redistribution (in failure), βu, is expressed by

βu(%) =
Me − Mu

Me
× 100 (4)

where Mu is the ultimate moment and Me is the elastic moment.
A list of Mu, Me and βu for BPC and UPC beams with various prestress levels is

presented in Table 2. Moment redistribution in the beams investigated is positive in
the center support and negative in the midspan. The percentage moment redistribution
decreases with increasing prestress level. Unbonded tendons produce higher moment
redistribution than bonded tendons, notably at a low prestress level. At a zero prestress
level, the UPC beam exhibits substantially (around 35%) higher moment redistribution
than the BPC beam. The redistribution discrepancy of UPC and BPC scenarios reduces
with increasing prestress level, and becomes rather insignificant at the 75% prestress level.

Table 2. Values of moments and moment redistribution in continuous beams.

Bond
Condition

Prestress
Level

Mu (kN·m) Me (kN·m) βu (%)

Midspan Support Midspan Support Midspan Support

Bonded

0 636.8 −500.5 553.3 −667.4 −15.1 25.0

25% 645.9 −504.9 566.9 −663.1 −13.9 23.8

50% 649.3 −508.4 576.4 −654.1 −12.6 22.3

75% 650.7 −508.2 583.6 −642.4 −11.5 20.9

Unbonded

0 424.5 −287.2 351.9 −432.4 −20.6 33.6

25% 498.8 −360.2 428.1 −501.5 −16.5 28.2

50% 569.6 −430.0 501.2 −566.9 −13.7 24.1

75% 619.0 −478.8 554.1 −608.6 −11.7 21.3

4.3. Theoretical Consideration

The allowable redistribution of continuous RC or PC members suggested in the ACI
code [30] is

βu(%) = 1000εt (5)

where εt is the net strain in extreme tension steel, suggested greater than 0.0075. The
maximum redistribution is 20%.

It is noted that εt is section-dependent and can reflect the flexural ductility of the
critical section. However, moment redistribution is member-dependent. Particularly, it is
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associated to the relative stiffness of critical sections. In RC continuous beams, the relative
stiffness can be symbolized by ρs2/ρs1, where ρs1 and ρs2 are the tensile reinforcement
ratios at the critical positive and negative moment sections, respectively. Lou et al. [17]
analyzed the influence of ρs2/ρs1 in RC continuous beams, and proposed a modified ACI
equation by including a parameter ks:

βu(%) = ks(1000εt) (6)

where
ks = 0.68 − 4.21 ln(ρs2/ρs1)− 2.05 ln2(ρs2/ρs1) (7)

Equation (6) was developed for RC continuous beams. This equation may be extended
to be applicable to PC continuous beams by replacing ks with kp, i.e.,:

βu(%) = kp(1000εt) (8)

where
kp = 0.68 − 4.21 ln(q2/q1)− 2.05 ln2(q2/q1) (9)

where q1 and q2 are the combined reinforcing indexes at the critical positive and negative
moment sections, respectively. The combined reinforcing index q is expressed by

q =


Ap fpy+As fy

bdp fck
for BPC beams

Apσp0+As fy
bdp fck

for UPC beams
(10)

where b is the section width; and dp is the effective tendon depth.
Figure 18a compares the code predictions with FEA results regarding the variation of

βu with the prestress level for BPC and UPC beams. According to the ACI code, unbonded
tendons lead to a bit lower moment redistribution than bonded tendons. However, this
observation is not consistent with FEA predictions, as the latter shows that UPC beams
exhibit higher moment redistribution than BPC beams. Therefore, the bond effect cannot
be reflected by the ACI code. Moreover, ACI substantially underestimates the moment
redistribution, especially in UPC beams having a low prestress level. Figure 18b shows that
the predictions of the proposed equation and FEA achieve excellent agreement. In addition,
the bond impact on moment redistribution is well reflected by the proposed equation.
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Figure 19 correlates the redistribution values calculated from the simplified equations
to the FEA for the 4 BPC and 4 UPC beams with various prestress levels investigated.
It is seen that the ACI code leads to a poor correlation with the FEA. By introducing
the parameter kp, the proposed equation predicts very well the moment redistribution in
continuous PC scenarios.
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5. Conclusions

A two-phase study is performed to investigate the bond effect of steel tendons in PC
beams with various prestress levels. In the first phase of study, comprehensive behavior
of simply supported PC beams is examined, while in the second phase of study, moment
redistribution in continuous PC beams is identified. The main conclusions resulting from
the study are:

• Due to the unbonded condition, UPC beams exhibit less favorable crack pattern (i.e.,
larger crack width with smaller crack zone) than BPC beams. An increase in prestress
level could substantially improve the crack pattern of UPC beams.

• The difference between the ultimate loads or deflections of BPC and UPC beams
strongly depends on the prestress level, i.e., at 25%, 50% and 75% prestress levels, the
ultimate load and deflection of UPC beams are 64.6% and 63.9%, 82.6% and 73.5%,
94.7% and 94.2% of those of BPC beams, respectively.

• The nonprestressed tension steel strain and neutral axis depth (in failure) in BPC
beams are independent of the prestress level. By contrast, a greater prestress level
produces a smaller nonprestressed tension steel strain but a higher neutral axis depth
in UPC beams.

• Unbonded tendons lead to higher moment redistribution (in failure) in continuous PC
beams than bonded tendons. The redistribution discrepancy of BPC and UPC beams
is substantial at low prestress levels while decreases with increasing prestress level.

• The ACI code cannot well describe the bond impact of steel tendons on moment
redistribution. It also significantly underestimates the redistribution value. A modified
ACI equation is proposed, and shows good predictions in moment redistribution in
both BPC and UPC beams.

It should be noted that the proposed equation for quantifying moment redistribution
in continuous BPC and UPC beams is only verified by a limited number of numerical data
generated in this study. The reliability and applicability of the proposed equation need to
be further validated by extensive experimental data.
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