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Based on a particular bond stress-slip 
relationship, nonlinear equations are developed 
for the transfer length and for the draw-in of 
prestressing strands taking into account the 
effective or the initial prestress, the concrete 
strength at transfer and the strand size. These 
equations can be used as the end block design 
of a prestressed concrete member or as the 
control of prestress transfer during production. 

I n a pretensioned concrete member, the prestressing force 
imparted by the strand is transferred to the concrete by 
bond in the end region of the member. The distance over 

which the effective prestress is developed is called the trans­
fer length. Its actual value depends on parameters such as 
prestressing level, strength of concrete at tension release, 
diameter of strand, type of release (gradual or sudden), sur­
face condition of the strand (clean, oiled, rusted), confining 
reinforcement around the strand, time elapsed after transfer, 
position of the strand in the member (top or bottom), type of 
concrete curing and other factors. 

Force transfer analysis was a topic of interest in the early 
works of Hoyer,' MagneF and Guyon.3 Other investigators 
have subsequently studied the subject.•·'7 

The ACI 318-89 provi sions for development length 
implicitly include the transfer length (£1 ) (based on tests by 
Hanson and Kaar5

) as a function of the effective prestress 
<fse) and the nominal strand diameter (db). Substituting SI 
units: 

(I) 

Using inch-pound units, its denominator becomes 3 ksi 
rather than 21 MPa. The same formula is adopted in the ACI 
Manual of Concrete Practice 1989.'" 

The following study is based on a mathematical model of 
the transfer mechanism without any preliminary assumption 
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for the bond stress distribution. The applied nonlinear bond 
stress-slip relationship produces nonlinearity in all the 
derived formulas which are applicable to all types of strands. 
However, in this paper, the numerical examples and graphs 
are developed for only~ in. (12.8 mm) seven-wire strands. 

EXISTING EQUATIONS 
Guyon3 expressed the transmission length as a function of 

the draw-in of prestressing tendon (S) and the initial tendon 
strain (esi): 

(2) 

where a = 2 or a = 3, assuming constant or linear bond 
stress distribution, respectively. 

Olesniewicz9 developed an empirical formula as a func­
tion of the effective prestress, the concrete strength at trans­
fer {f;;) and the nominal strand diameter: 

£ = loHfse d 
t "'· b Jer 

(3) 

To calculate the lower and upper bound values of the 
transfer length, he suggested coefficients of 7 and 13, 
respectively, instead of 10 as in Eq. (3). 

Zia and Mostafa' 2 developed a linear approach to the 
transfer length based on several research data for concrete 
strengths of2 ksi (14 MPa) < J;;< 8 ksi (55 MPa). Substitut­
ing SI units: 

£ =1.5/s; d -117 
t "'· b Jet 

(4) 

Using inch-pound units by Eq. (4), the additive term is 
4.6 in. rather than 117 mm. 

BOND-SLIP RELATION AND TENDON 
STRESSES OVER TRANSFER LENGTH 
The prestress transfer is the same physical phenomenon as 

the force transfer of a reinforcing bar. In both cases, the 
steel force is transferred to the concrete by bond stresses 
which are activated by the slips at the interactional surface. 
The differences in the two cases are the stress level, the 
place of maximum slip and the bar geometry. 

Governing Equation 

Considering equilibrium, compatibility, elastic behavior 
of steel and concrete, and assuming the same bond-slip 
behavior over the transfer length'9.29 [see Fig. l(a) and l(b)], 
the governing equation of the phenomenon is given by: 

(5) 

This is a second order, ordinary differential equation for 
the slip distribution, where O(S) is the slip related to the 
strand diameter [O(S) = s(s)/4,], fb[O(S)] is the bond-slip 
relationship, s is the nondimensional co-ordinate of the sec­
tion (S = x/£4) and 
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Fig. 1. Schematic diagrams of the transfer analysis. 

(6) 

In Eq. (6), n = EP!Ee, Pp = APsfAe and 8 = dt,21t/(4Aps). 
Since Aps = 0.155 in:2 (100 mm2

) and the definition of the 
nominal strand diameter is the sum of the diameters of the 
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Fig. 2. Bond-slip relationship of a seven-wire strand. Type of 
Felten and Guilleaume ST 1600/1800-F 100. Note: Aps = 

0.155 in.2 (1 00 mm2
), db=~ in. (12.8 mm), J;; = 5.8 ksi (40 

MPa). Bound values are obtained by applying Eq. (9b). 

core wire and the two external wires (refer to their value in 
the next section), e = 1.287 for seven-wire strands (rather 
than 1.0). Hence, KP = 5.15 (1+ nPp)!Fp for X in. (12.8 mm) 
seven-wire strands. 

The origin of the co-ordinate system is at the stressed end 
of the transfer length where the tendon stress reaches the 
effective prestress. The co-ordinate axis parallel to the axis 
of the strand is directed toward the end face of the member 
[see Fig. l(b)]. 

A similar equation to Eq. (5) was used by several re­
searchers for the anchorage analysis of reinforcing bars 
assuming different bond-slip relationships. These studies 
include the works by Rehm,'9 Martin/0 Tepfers/' Giuriani,22 

Krips23 and other investigators. In the present study, a solution 
is developed for the transfer analysis of prestressing strands. 

The solution of the governing equation depends on the 
bond-slip relationship and the boundary conditions. 

Bond-Slip Relationship 

The bond-slip relationship gives the bond stress produced 
by the slip at the interactional surface. For the anchorage 
analysis of reinforcing bars, linear,'9

•
2

' bilineaf2 and various 
nonlinear'9

•
20

•
24

•
25 bond-slip relationships were applied. 

For the bond-slip relationship of multi-wire strands, the 
power function: 

(7) 

is proposed, where C (with the dimension of stress) and 
0 < b < 1 (dimensionless) are experimental constants. This 
bond-slip relationship has the advantages of a good approxi­
mation to the test results and of providing a possibility to 
solve the governing differential equation. 

A bond-slip relationship of seven-wire strands was evalu­
ated from test results carried out at the Department of Rein­
forced Concrete Structures, Budapest University of Tech-
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nology.26
•
27 The type of strand used was Felten and Guil­

leaume ST 1600/1800 having a cross-sectional area 
Aps = 0.155 in.2 (100 mm2

) • 

The diameter of the core wire was 0.171 in. ( 4.35 mm) 
and of the external wires was 0.166 in. (4.22 mrn), providing 
a nominal strand diameter f4 = 0.50 in. (12.8 mm). The mea­
sured modulus of elasticity of the strand was EP = 28093 ksi 
(193700 MPa), and the specified concrete strength at trans­
fer was J;;= 5.8 ksi (40 MPa). 

In these tests, the surface deformations of the pretensioned 
members and the draw-in of prestressing strands were mea­
sured during the gradual release of prestress. The tendon 
stresses and slips were evaluated from the concrete surface 
strains. 27 The bond stresses were obtained from the change of 
prestressing force between the points of measurement. 27 

A curve in the form of Eq.(7) was fit by the least squares 
method providing (see Fig. 2): 

( )

0.25 

fb =13 ;b =134/0 (8) 

C = 13 MPa (1.885 ksi) and b = 0.25 for the given seven­
wire strand. 

Jokela and Tepfers14 obtained slightly higher bond stresses 
from pull-out tests using British Bridon seven-wire strand 
with a cross-sectional area of 0.146 in. 2 (94.2 mm2

). The dif­
ference is consistent because of the 5.9 in. (150 mm) bond 
length and because the slips were measured at the loaded 
side. Edwards and Picard8 obtained somewhat lower bond 
stresses by pull-out tests with seven-wire strands of 0.144 
in.2 (93 mm2

) conducted on specimens with 1.5 in. (38 mm) 
bond length. 

Assuming proportionality between the bond stress and the 
square root of the concrete strength at transfer,9

•
15 Eq. (8) 

yields: 

(9a) 

where c = 2.055 MPall.! (0.783 ksill.!) to the mean values of 
the bond stress and c{JS = C ofEq. (8). 

Previous pull-out tests28 with deformed bars resulted in a 
35 percent difference of the mean value and the upper or 
lower bound values of bond stresses. Considering the same 
scatter for seven-wire strands, Eq. (9a) can be rewritten as 
(see Fig. 2): 

where 

'Jf = 'Jf0_95 = 1.35 for the upper bound of bond stresses 
'Jf ='I'm = 1.00 for the mean value of bond stresses 
'Jf = 'l'o.os = 0.65 for the lower bound of bond stresses 

Solution of the Governing Equation 

(9b) 

The strain analysis at the stressed end of the transfer 
length [see Fig. l(d)] provides homogeneous initial values, 
i.e., 8(~ = 0) = 0 and 8' (~ = 0) = 0. Substituting the nonlin­
ear bond-slip relationship given by Eq. (9) into Eq. (5), the 
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derived differential equation is nonlinear even if linear elas­
tic stress-strain relationships for steel and concrete are 
assumed. 

The solution of the governing differential equation gives 
the slip distribution over the transfer length:29 

(10) 

where I( is a dimensionless coefficient which includes the 
parameters of the bond-slip relationship, the factor ~ and 
the concrete strength: 

I 

K- K f'" -['lfc(l-b)
2 

.j"TJ1-b 
2(1 +b) p Jcz 

( 11) 

For seven-wire strands: 

K = 0. 357 ~ K;f~~ (lla) 

Eq. (10) is shown schematically in Fig. l(e). The power 
ofEq. (10) is 21(1- b)= 8/3 for X in. (12.8 mm) seven-wire 
strands. To calculate the bound values of the slip distribu­
tion, KQ"95 = ('1'0"95)

413 K = 1.49K or Ko"os = ('1'0.05)
413 K = 0.56K 

can be substituted. 
The bond stress distribution is calculated substituting Eq. 

(10) into the bond stress-slip relationship [see Fig. l(f)]: 

2b 

fb (~) = 'lfCJ!:: Kb~ 1-b (12) 

b ( 2 )1/3 The coefficient c JJ:: K = 1. 59 K p!d MPa and the 
power is 2bl(l - b) = 2/3 for ~ in. (12.8 mm) seven-wire 
strands. To calculate the upper or lower bound of the bond 
stress distribution, its mean value given by Eq. (12) (and 
using 'If= 1) is multiplied by 1.49 or 0.56, respectively. 

Due to the slip increase, Eq. (12) gives the maximum 
bond stress at the end face of the concrete member [see Fig. 
l(f)]. Not only is this a mathematical simplification, it is 
also explained by the physical meaning of the bond-slip 
relationship and by the slight increase of the wire diameters 
during tension release. 

The tendon stress distribution is obtained by substituting 
the bond stress distribution into the equilibrium equation, 
yielding: 

1+b 

fvs = fse - B~ 1-b (13) 

The power (1 + b)l(l - b) = 513 for Yz in. (12.8 mm) 
seven-wire strands and the coefficient: 

B = 4(1- b )E> Kb'lfcJ!:: = 4. 91 v K~J~/ (14) 
1+b 

When inch-pound units are substituted, the coefficient is 
1.36 ksiM (rather than 4.91 MPaM). The coefficient B, given 
by Eq. (14), has a dimension of stress and for X in. (12.8 
mm) seven-wire strands (when nPp = 0 is substituted), 
B = 8.47(!;/ I Ep)'13 • Its coefficient is 8.74 (instead of 8.47) 
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when n~ = 0.1. The tendon Stress, fse, following the elastic 
deformation of the concrete after transfer, is given by: 

(15) 

Eq. (13) is shown schematically in Fig. l(c). To calculate 
the upper or lower bound of the tendon stress distribution, 
coefficient B given by Eq. (14) (and using 'I'= 1) is multi­
plied by 1.49 or 0.56, respectively. 

EQUATIONS FOR TRANSFER LENGTH 
The following equations are expressed in the simplest 

possible terms in order to make their application easy; there­
fore, the coefficients generally have fractional units. The 
given values correspond to X in. (12.8 mm) seven-wire 
strands. The parametric forms of the formulas are presented 
in Appendix B using the same equation numbers with an 
asterisk. 

The transfer length as a function of the effective prestress 
is obtained from Eq. (13) substituting ips(~= f 1 I db) =0 
and expressing ~ = f

1 
1 db: 

where 

K1 = 3.11 MPa-115 = 4.58 ksi- 115 when npP = 0.1 
K 1 = 3.17 MPa-115 = 4.66 ksi-115 when nPp = 0 

(16) 

Substituting the upper bound or the lower bound of the 
bond-slip relationship into Eqs. (16) or (16*) of Appendix 
B, the lower bound (f 10.05 ) and upper bound ( f 10.95 ) of the 
transfer length are obtained successively: 

ft0.05 = ft /1.35°·8 = 0. 79ft 

f 1o.95 = f 1 I 0.65°·8 = 1.41f1 

The ratio of the upper bound and the lower bound values 
of the transfer length obtained is 1.41/0.79 = 1.8. Based on 
field measurements, den Uijl" reported 1.9 and Eq. (3) pro­
vides 1.86 for the same ratio. 

Substituting Eq. (15) for fse in Eq. (16), the transfer length 
can be obtained as a function of the initial prestress [(see 
Fig. 3(a)]: 

where the coefficient is accounted for npP = 0.1 and it is 
equal to 4.32 ksi-115 when substituting inch-pound units. 

The transfer length can be expressed as a function of the 
draw-in from the inverse ofEq. (10) [see Fig. 3(b)] by: 

(18) 
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Fig. 3. Application of proposed formulas for seven-wire strands. Note: Aps = 0.155 in. 2 (1 00 mm2
), db = ~ in. (12.8 mm), 

Ep = 28280 ksi (195000 MPa), bond-slip relationship: fb = c~ !rilO, where c = 2.055 MPa"' (0.783 ksi"'). 

----: npp= 0.1-----: nP, = 0. 

where 

K2 = 105 MPav4lmm141 = 218 ksi1Aiin.341 when nPp = 0.1 
K2 = 110 MPav4lmm341 = 229 ksi1Aiin. 341 when npP = 0.0 

Eqs. (16), (17) and (18), together with Eqs. (16*), (17*) 
and (18*) of Appendix B, show that the transfer length is a 
nonlinear function of the prestress or the draw-in, the con­
crete strength, the coefficients of the bond-slip relationship, 
the moduli of elasticity and the section properties. 

EQUATIONS FOR DRAW-IN 

The draw-in of the strand is obtained from Eq. (10) sub­
stituting ~ = f. 1 I db [see Fig. 3(c)]: 

2 

(
f. )I-b s = 1( d: db (19) 

where K"is given by Eq. (11). 

The expected draw-in as a function of the effective pre­
stress is obtained considering ~ = f. 1 I db and substituting 
Eq. (16) into Eq. (10) [see Fig. 3(d)]: 

(20) 
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where 

K3 = 1.44 MPa512 mm = 0.122 ksi512 in. when npP = 0.1 
K3 = 1.33 MPa512 mm = 0.113 ksi512 in. when npP = 0.0 

The draw-in can be expressed as a function of the initial 
prestress by substituting Eq. (17) into Eq. (10). This yields a 
formula similar to Eq. (20) including fs; rather than fse, but 
with a slightly different coefficient [see Fig. 3(d)]: 

s = 1.23 is; ' ( 
2 )0.8 

EP{l[; 
(21) 

where the coefficient is for nP,= 0.1 and equal to 104 ksi512 in. 
when substituting inch-pound units. 

The power of the effective or initial prestress in the previ­
ous two equations is 2/(1 +b)= 1.6. The average field mea­
surements'0 of 58 pretensioned concrete members yielded a 
value of 1.5. 

EQUATIONS FOR PRESTRESS 
The effective prestress can be expressed as a function of 

the measured draw-in from Eq. (20) [see Fig. 3(f)]: 

f = 369 / -n;; -so.625 

se V 1 +npp 
(22) 
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Table 1. Powers of the bond stress, tendon stress and slip 
distributions over the transfer length. 

Proposed method 

Parametric Seven-wire 
Guyon' Guyon' equation strands 

Power of the bond 2b 
stress distribution 0 I l-b 0.67 
Equation number Eq. (2) Eq. (2) Eq. (12) Eq. (12) 

Power of the stress l+b 
and strain distributions I 2 l-b 1.67 
Equation number Eq. (13) Eq. (13) 

Power of the slip 2 -
distribution 2 3 l-b 2.67 
Equation number Eq. (10) Eq. (10) 

Table 2. Calculated transfer length and draw-in values of a 
seven-wire strand using Eqs. (16) and (20), respectively. 
Note: db=~ in. (12.8 mm), /s; = 174 ksi (1200 MPa), 
fse = 158 ksi (1090 MPa), ~; = 5.8 ksi (40 MPa). 

Substituting fse Substituting fse =lsi 

npP = 0.1 npp=O npp= 0.1 npp=O 

{t 47.2 48.1 50.0 51.0 

db i2%J 12%1 
S, 

mm 1.40 1.30 1.64 1.52 

in. 0.055 1--==i%1 0.051 0.064 P,%] 0.060 
-7% -7% 

Similarly, the initial prestress can be expressed as a func­
tion of the measured draw-in from Eq. (21) [see Fig. 3(e)]: 

(23) 

The coefficient of Eqs. (22) and (23) is 655 ksi>'4 in.-"" 
when substituting inch-pound units. 

If concrete deformations are neglected, i.e., npP = 0, Eqs. 
(22) and (23) would provide the same result for the effective 
and initial prestress; but this would not be correct; hence, 
nPp is not negligible in the last two formulas, but the term 
can be neglected in the previous equations (see also the next 
calculation results). 

ANALYSIS OF RESULTS 
The proposed method, especially Eqs. (16), (17) and (18), 

clearly shows that the transfer length of a prestressing strand 
can be expressed separately by either the prestress or the 
draw-in since both parameters are governed by the slip dis­
tribution. Knowing the bond-slip relationship and either the 
prestress or the draw-in is sufficient to determine the trans­
fer length. 

A similar calculation procedure can be used for other ten­
don types if their bond-slip relationship is available in the 
form of fb = c~. 
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The analysis of the exponents of bond stresses, tendon 
stresses and slips (see Table 1) show that the computed val­
ues lie between the limit values given by the Guyon3 for­
mula, Eq. (2), since the power of Eq. (12) [2b/(l- b)= 0.67] 
provides a fractional value between 0.0 (indicating a con­
stant) and 1.0 (indicating a linear bond stress distribution). 

EXAMPLES AND COMPARISONS 
The following procedure can be used in applying the pro­

posed equations: 

1. Select ~. Aps• 8, EP [measured or assumed to be 
195000 MPa (28280 ksi)] and J;; at transfer. 

2. Assume the parameters of the bond-slip relationship: 
b = 0.25 and c = 2.055 MPaw (0.78:3 ksivz) for ~ in. (12.8 
mm) seven-wire strands. Note that the coefficients need to 
be determined for other types of strands. 

3. Calculate the transfer length or the draw-in or the pre­
stress using Eqs. (16), (17), (18), (19), (20), (21), (22) or 
(23) assuming (or measuring) two of these three parameters. 

4. Apply Eqs. (10), (12) or (13) to determine the slip, the 
bond stress or the tendon stress distributions after calculat­
ing the coefficients KP, K and B. 

In Fig. 3, calculation results are presented applying Eqs. 
(16) to (23) for ~ in. (12.8 mm) seven-wire strands. The 
substituted data are presented in the figure captions. All the 
curves indicate nonlinear behavior. 

In Table 2, calculation results are presented for the trans­
fer length and for the draw-in of seven-wire strands using 
Eqs. (16) and (20), respectively, and the experimental bond­
slip relationship given by Eq. (9). The results of the compar­
ison in Table 2 indicate: 

• Neglecting the concrete strains (npP = 0), the transfer 
length increases by only 2 percent [approximately 0.5 in. 
(12 mm)] and the draw-in decreases by 7 percent [approxi­
mately 0.004 in. (0.1 mm)]. 

• Substituting the initial prestress instead of the effective 
prestress in the calculations, the transfer length obtained is 
longer by 6 to 7 percent [approximately 1.6 in. (40 mm)], 
and the draw-in is higher by 16 to 17 percent [approxi­
mately 0.01 in. (0.25 mm)]. 

Three series of calculation results are presented in Fig. 4 
using Eqs. (10), (12) and (13) for ~ in. (12.8 mm) seven­
wire strands assuming the lower bound, the mean and the 
upper bound of the bond-slip relationship are given by Eq. 
(9b). This is practically the same problem as the transfer 
analysis for three different concrete strengths. As indicated 
by the diagrams, the higher the concrete strength, the 
smaller the transfer length and the draw-in, and the higher 
the maximum bond stress. 

The proposed transfer length formula, Eq. (16), is graphi­
cally compared in Fig. 5 to the ACI 318-89 formula, to Eq. (3) 
by Olesniewicz and to Eq. (4) by Zia and Mostafa for concrete 
strengths of 4.4 and 5.8 ksi (30 and 40 MPa), respectively. The 
diagrams indicate that the proposed Eq. (16) yields to interme­
diate values of Eqs. (3) and (4). In the usual 145 to 174 ksi 
(1000 to 1200 MPa) effective prestress region, the coincidence 
of the ACI 318-83 formula, Eqs. (4) and (16), is good for J;; = 
4.4 ksi (30 MPa) but weaker for higher concrete strengths. 
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The proposed nonlinear equation and the linear ACI 318-
89 formula provide approximately the same transfer length 
for concrete strength of 4.4 to 5.8 ksi (30 to 40 MPa) (see 
Fig. 6). For higher concrete strength, the ACI 318-89 for­
mula is more conservative. 

RECOMMENDATIONS 
Analysis of the transfer length is important in checking the 

section in which all the effective prestress of the tendon exists 
and to analyze the prestressing stress distribution close to the 
support where the moment of applied load is small. The pro­
posed Eqs. (16) or (17) and (13) provide a method to answer 
these two questions. 

During the production of prestressed concrete members, the 
correct amount of prestress needs to be checked. Without mea­
suring the strains after transfer (which can be time consuming 
in large production runs), there remains the possibility to mea­
sure the prestress, the draw-in (in the case of tension release by 
hydraulics or saw cutting) and the concrete strength. Eqs. (18), 
(20), (21), (22) and (23) provide a means to verify that the pre­
stress is transferred to the concrete in a satisfactory way. 

CONCLUSIONS 
1. The following equations are developed for checking the 

transfer control of~ in. (12.8 mm) seven-wire strands based 
on a nonlinear bond-slip behavior (using SI units, the equa­
tions provide mean values): 

(a) Average transfer length as a function of the effective 
prestress: 

68 

(b) Tendon stress distribution over the transfer length 
[measuring the section co-ordinate (~ = x/f4) from the 
stressed end of the transfer length]: 

ips= fse- (8.5 V !;;2 I EP )~513 

(c) Draw-in as a function of the effective prestress: 

S = 1 4[ fs; -)0.8 
. I ' Epl}/ci 

(d) Effective prestress as a function of the (measured) 
draw-in: 

(e) Transfer length as a function of the (measured) draw-in: 

The coefficients, using inch-pound units, are presented in the 
discussion. The proposed nonlinear transfer length equation 
given in Conclusion 1(a) and the ACI 318-89 formula provide 
approximately the same transfer length for concrete strengths 
of 30 to 40 MPa (4.4 to 5.8 ksi) (see Fig. 6). For higher strength 
concrete, the ACI 318-89 formula is more conservative. 

2. The bond stress-slip relationship of a ~in. (12.8 mm) 
seven-wire strand can be assumed to be fb = c\j'//; ,ro, 
where o = slip/db, f:1 is the specified concrete strength at 
transfer and c = 2.055 MPa112 (0.783 ksi 112

) is an experimental 
constant. 

3. For seven-wire strands, the bond stress, the tendon 
stress and the slip distributions have powers of 0.67, 1.67 
and 2.67, respectively. 

PCI JOURNAL 



REFERENCES 

I. Hoyer, E., Stahlseitbeton Trager und Platten, Berlin-Wien­
Leipzig, 1939. 

2. Magnel, G., Le Beton Precontraint, Fecheyr, Gand, 1948. 
3. Guyon, Y., Prestressed Concrete, John Wiley and Sons, New 

York, NY, 1953. 
4. Base, G. D., "An Investigation of Transmission Length in Pre­

tensioned Concrete," Research Report No. 5, Cement and Con­
crete Association, London, August 1958. 

5. Hanson, N. W., and Kaar, P. H., "Flexural Bond Tests of Pre­
tensioned Prestressed Beams," ACI Journal, Proceedings, V. 
55, No. 7, January 1959, pp. 783-803. 

6. Tassi, G., "Theory of Self Anchorage of Pretensioned Rein­
forcement in Concrete" (in Hungarian), Epftoipari es 
Kozlekedestudom;inyiKozlemenyek, Budapest, No. 1-2, 1959. 

7. Holmberg, A., and Lindgren, S., "Anchorage and Prestress 
Transmission," Document D1, National Swedish Building 
Research, 1970. 

8. Edwards, A. D., and Picard, A., "Bonding Properties of 112 in. 
Diameter Strands," ACI Journal, Proceedings, V. 69, No. 11, 
November 1972, pp. 684-689. 

9. Olesniewicz, A., "Statistical Evaluation of Transmission 
Length of Strands," Research and Design Center for Industrial 
Building Bistyp, Warsaw, 1975. 

10. Anderson, A. R., and Anderson, R. G., "An Assurance Criterion 
for Flexural Bond in Pretensioned Hollow Core Units," ACI 
Journal, Proceedings, V. 73, No.8, August 1976, pp. 457-464. 

11. Salmons, J. R., and McCrate, T. E., "Bond Characteristics of 
Untensioned Prestressing Strand," PCI JOURNAL, V. 22, No. 
1, January-February 1977, pp. 52-65. 

12. Zia, P., and Mostafa, T., "Development Length of Prestressing 
Strands," PCI JOURNAL, V. 22, No. 5, September-October 
1977, pp. 54-65. 

13. FIP Report on Prestressing Steel: 2., "Anchorage and Applica­
tion of7-Wire Strands," FIP 5/4, June 1978. 

14. Jokela, J., and Tepfers, R., "Bond of Bundled Prestressing 
Strands," Nordic Concrete Research, Oslo, Norway, December 
1982, pp. 12.1-12.19. 

15. Uijl, J.A. den, "Tensile Stresses in the Transmission Zones of 
Hollow-Core Slabs Prestressed with Pretensioned Strands," 
Report 5-83-10, Delft University of Technology, 1983. 

16. Dorsten, V., Hunt, F. F., and Preston, H. K., "Epoxy Coated 
Seven-Wire Strand for Prestressed Concrete," PCI JOURNAL, 
V. 29, No.4, July-August 1984, pp. 120-129. 

17. CEB, "Anchorage Zones of Pretensioned Concrete Members," 
CEB Bulletin No. 181, Apri11987. 

18. ACI Manual of Concrete Practice /989, Part 3, Use of Con-

November-December 1992 

crete in Buildings - Design, Specifications and Related Top­
ics, Revised Version, ACI Publication, Detroit, MI, 1989. 

19. Rehm, G., "Uber die Grundlagen des Verbundes zwischen 
Stahl und Beton," Deutscher Ausschuss fur Stahl-beton, Heft 
138, 1961. 

20. Martin, H., "Zusammenhang zwischen Oberfliichenbeschaf­
fenheit, Verbund und Springwirkung von Bewehrungs-stahlen 
unten Kurzzeitbelastungen," Deutscher Ausschuss fur Stahl he­
ton, Heft 228, 1973. 

21. Tepfers, R., "A Theory of Bond Applied to Overlapped Ten­
sile Reinforcement Splices for Deformed Bars," Division of 
Concrete Structures Document 73:2, .Chalmers University of 
Technology, Goteborg, 1973. 

22. Giuriani, E., "On the Effective Axial Stiffness of a Bar in 
Cracked Concrete," Bond in Concrete, edited by P. Bartos, 
Applied Science Publishers London, 1982, pp. 107-126. 

23. Krips, M., "Rissbreitenbeschriinkung in Stahlbeton und Spann­
beton," Verlag fiir Architectur und Technische Wissenschaften 
Berlin, Ernst und Shon, Heft 33, 1985. 

24. Nilson, A. H., "Non-Linear Analysis of Reinforced Concrete 
by the Finite Element Method," ACI Journal, Proceedings, V. 
65, No.9, September 1968, pp. 757-766. 

25. Ciampi, V., Eligehausen, R., Bertero, V., and Popov, E., "Ana­
lytical Model for Deformed Bar Bond Under Gereralized Exci­
tations," IABSE Colloquium Delft 81 on "Advanced Mechan­
ics in Reinforced Concrete," Delft, June 1981. 

26. Tassi, G., Erdelyi, L., and B6di I., "Reliability of the Stress 
State due to Prestressing in Factory Made Elements," Inzeny­
erske Stavby, No.8, 1958. 

27. Tassi, G., Balazs, L. G., and B6di, I., "Bond Properties of Pre­
stressing Strands," Proceedings of the FIP Symposium 1988, 
Jerusalem, pp. 121-128. 

28. Windisch, A., and Balazs, L. G., "Characterization of the Bond 
Properties of Steel Bars" (in Hungarian), Research Report No. 
232.019/1981, Budapest University of Technology, 1983. 

29. Balazs, L. G., "Bond. Model with Non-Linear Bond-Slip Law," 
Studi e Ricerche, Post-Graduate Course for Reinforced Con­
crete Structures, Politecnico di Milano, Italy, V. 8/86, Septem­
ber 1987, pp. 395-430. 

30. Madaras, G., Papp, L., Bodo, L., "Application Possibilities of 
Seven-Wire Strands" (in Hungarian), Research Report No. 
1910/1982, Building Research Institute, Budapest, Hungary. 

31. Uijl, J. A. den, "Background of a CEB-FIP MC 90 Proposal on 
Anchorage and Transverse Tensile Actions in the Anchorage 
Zone of Prestressed Concrete Members," Report prepared for the 
CEB Committee VI.TG.l. Meeting, Budapest, March 9-10, 1989. 

69 



70 

APPENDIX A- NOTATION 

Ac = effective area of concrete section around a 
prestressing strand (see, for example, CEB­
FIP Model Code 1978, Fig. 15.1), mm2 

Aps = area of individual prestressing strand, mm2 

b = power of bond-slip relationship [see Eqs. 
(7), (8) and (9)] 

B =coefficient [see Eq. (14)], MPa 
c = C{J;;, MPa112 

C = multiplication factor of bond-slip relation-
ship [see Eqs. (7) and (8)], MPa 

c4 = nominal diameter of prestressing strand, mm 
Ec = modulus of elasticity of concrete, MPa 
EP = modulus of elasticity of prestressing strand, 

MPa 
fb = bond stress, MPa 
J;; = specified compressive strength of concrete 

at transfer, MPa 
fps = stress in prestressing strand, MPa 
fse = effective stress in prestressing strand, MPa 
fs; = initial prestress before losses, MPa 
~ =coefficient [see Eq. (6)], MPa·' 

K1 to K3 =coefficients for Eqs. (16), (18) and (20) 

£
1 

= transfer length (mean value), mm 

£10_95 ; £10_05 = upper and lower bound values of transfer 
length, mm 

n = Ep!Ec, modular ratio for prestressing strand 
s =slip, mm 
S =draw-in (free-end slip) of prestressing 

strand, mm 
x = section co-ordinate measured from stressed 

end,mm 
S = s/c4; c' = dc/dS/f,; S" = d2S/d~2 

£c = concrete strain 
ece = concrete strain just after transfer 
eps = strain of prestressing strand 
£5e = tendon strain just after transfer 
£

5
; = initial strain of prestressing strand 

~ = x/db 
fJp = ApsfAc 
K =coefficient [see Eq. (11)] 
'l' = coefficient to take into account the scatter of 

the bond stresses [see Eq. (9b)] 
"1j10_05 ; 'Jf0.95 = coefficient for the lower and upper bound of 

the bond stresses [see Eq. (9b)] 
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APPENDIX B - PARAMETRIC EQUATIONS 
The parametric form of the equations for transfer length, draw-in and prestress of seven-wire strand 

are presented here. The equations are denoted by the same number with an asterisk as in the discussion 
where they are expressed for~ in. (12.8 mm) seven-wire strands. 

(16*) 

(17*) 

(18*) 

(20*) 

(21 *) 

(22*) 

(23*) 
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