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Prediction of Cracking and Ultimate Loads of Prestressed
Concrete Anchorage Zones in Box-Girder Bridges
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Abstract

Recently, several prestressed concrete box girder bridges have experienced severe cracking
along the tendon path when prestress force has been transferred to the anchorage zone.

The purpose of the present study is therefore to explore characteristics of the local stress dis-
tribution, to study the effects of section geometry of anchorage zones, -i.e., tendon inclination,
tendon eccentricity and concrete cover thickness- and to develop recommendations for specific
design criteria for post-tensioned anchorage zones. To accomplish these objectives, a comprehen
sive nonlinar finite element study has been conducted. From this study, realistic formulas for
cracking and ultimate load capacities are proposed. These equations reasonably well predict the
cracking and ultimate loads of prestressed concrete anchorage zones,

Keywords : prestressed concrete, anchorage zone, cracking loads, ultimate loads, prestressing
tendon, local stress, finite element analysis.

| el Eha B ERap bAb, yEhubal o B imBoof| rf el B ol 109441 129 319 bA] sl s w
i ;3 ol &h W R ek e WA 19955 29 el el #vhg Al Al sk A Sy ek

H 6 55 1994.10. 17



1. Introduction

The formation of the longitudinal tendon
path crack is the most important visible bench
mark 1n the behavior of a post-tensoned
anchorage zone. From a strength standpoint,
cracking always seems to occur at a load be-
low the ultimate capacity and hence serves as
a warning indicator in concrete structures.

When a concentrated load is applied through
a bearing plate across the width of a finite rec-
tangular plate, compressive and tensile stres-
ses are set up. These two tension fields are as
follows ; stresses acting along the direction of
loading, and stresses acting along the loading
surface parallel to it. These are generally cal-
led as bursting stress and spalling stress, re-
spectively. In dealing with a specific post-ten-
sioned anchorage, the load must be applied
over a finite area and the compressive stress
immediately under the anchor plate is called
bearing stress.

Cracking and ultimate loads on the anchor-
age zones are closely dependent on the internal
tensile stresses. It Is very important to deter-
mine the distribution of tensile stresses and
the maximum magnitude of these stresses.
The authors have conducted a comprehensive
experimental study on the anchorage zone beh-
avior and a variety of analyses are conducted
with nonlinear 3-dimemsional finite element
method in the present study.

Since the cracking and ultimate loads are
generally influenced by the geometric vari-
ables such as cover thickness, eccentricity and
inclination of tendon on the anchorage zones,
these parameters were used in this parametric
study. In this study, realistic formulas for crac-
king and ultimate load capacities are proposed,
Tendon inchination, tendon eccentricity and
other influencing variables are considered in

deriving the formulars. The equations are com-

172

pared with test data and found to reasonably
well predict the cracking and ultimate loads of
prestressed concrete anchorage zones.

2. Cracking Behavior at Anchorage Zones
in Prestressed Concrete Members

In spite of the many variables investigated
in the experimental study, the post-tensioned
anchors tend to exhibit a generally consistent
behavior in sequence of failure. The cracking
and ultimate loads were affected by variables
such as tendon’s inclination, anchorage re-
inforcement type, structural reinforcement con-
tents. But the modes of failure were generally
the same,

The basic stages, when there are no sup-
plementary reinforcement, are as follows :

(a) Initial cracking along the tendon path,

beginning at a distance about the bear-
ing plate width in front of anchor.
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(b) With increased load, the crack extends
both towards the loaded face and away
from it.

(c¢) Formation of diagonal cracks on the end
face, emanating from the corners of the
bearing plate.

(d) Propagation of the diagonal cracks on
the side faces.

(e} A generally sudden explosive-type fail-
ure, with complete destruction of the
side face and a noticeable formation of a
cone of crushed concrete ahead of the
anchor.

These railure modes are shown in Fig.1

3. Finite Element Analysis for Anchorage
Zones

The aralysis with non-linear finite element
method 1s conducted by ABAQUS supplied by
Hibbitt, Karlson and Sorensen, Inc. A three
dimensional isoparametric solid finite element
defined by twenty nodal points having three
degrees of translational degree of freedom at
each node 1s used. To define concrete proper-
ties beyond elastic range, “CONRETE” option
was used. To define the values of stress and
strain at ultimate strength, “FAILURE RAT-
I0S™ option were also used.

Strain softening behavior for cracked con-
crete and the reduction of shear modulus assoc
1ated with crack surfaces as a function of ten-
sile strain across crack are also considered.
These material input data were determined by
material’s test, and Young's Modulus(E) and
Poisson's ratio(v) are also determined by tests,
Local anchorage steel and shear reinforce-
ments have been included in this finite el-
ement model. These reinforced steel have
been modeled by truss element.

For the case of inclined tendon members,
tendon curvature are required, and by multiple
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strand effects, the curvature forces directed
to the center of curvature are generated. Thes-
e curvature forces are calculated exactly by
making programs, and this calculated forces
are applied to the nodal point by concentrated
loads. By these modeling, moments and forces
are equilibriumed at any points.

4. Parametric Study with Non-linear Finite
Element Method

The concrete failure is greatly affected by
the geometric variables such as tendon’s ec-
centricity, inclination, and proportions of the
section, With non-linear finite element method
using ABAQUS, the geometric parameters
were studied in this analysis program.

To determine geometric effects, a variety of
analysis are performed, and the main variables
are as follows : The eccentricity of prestress
force is chosen by (, 15, 30cm from the dis-
tance of neutral axis, and the inclination of ten-
don is selected by 0%, 5°, 10°, 15°, and 20°. And
the concrete cover thickness of member is
chosen by 20cm, 35c¢m, 50cm.,

In this following sections, these parameter’s
effects are described in detail.

4.1 Inclined Tendon Effects

4.1.1 Cracking and Ultimate loads

To explore the effect of inclination tendon,
curved tendon members with 0°, 57, 10°, 157
and 207 degree’s tendon profile, were analyzed.
Table 1 gives data summary of cracking load
according to member’'s geometry,

From these results, it can be seen cracking
and ultimate load are decreased as the incli-
nation of tendon increases. As shown in this
table, the cracking load of straight tendon
member have 293ton, but inclined tendon mem
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bers —20 degrees— have lower cracking load
about 181ton. It is thought that the geometric
shape of tendon induces the radial tensile force
directed to the center of curvature, and by
these tendon curvature force the cracking and
ultimate load reduced significantly. From this
results 1t is shown that cautious considering
are necessary when tendon are setted on high
degree inclination, and the range of tendon in-
clination is desirable to 15 degree below,

Fig.2 shows the cracking loads compared
with test data as a function of tendon incli-
nation. As shown in this figure, there were a
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Fig.2 Cracking loads compared with test data as a func-
tion of tendon inclination.

drop in cracking loads of 1.9% as increasing 1
degree increase of tendon inclination, This re-
duction values are slightly lower than test
data—~1.3%.

4.1.2 Local Stress Distribution

When the inclination of tendon is varied, the
characteristics of local stress distribution on
anchorage zone are studied in this section. Fig.
3 shows the tangential bursting stress contours
to the direction of y axis. As shown in this fig-
ure, there is the region of bursting tensile
stress and spalling stress. As shown in Fig.3,
bursting stress zone is shown at the front of
live end, and the peak tangential bursting
stress is located at the distance of 20—30cm
(approximately 2a’), and this peak tangential
stress may induce the first cracks. In exper-
imental test by Lim, D.H. et al., the first crac-
ks are shown in this position of distance from
anchor plate, and these facts are well agreed
the non-linear 3—D FEM results. Generally,
for the case of curved tendon member, curva-
ture tensile stress is shown at the beneath of
the tendon, and this is due to prestress steel’s
jamming phenomenon by its geometric shape.

Table 1 Geometric properties and cracking loads

Cover Width of Compressive Width of | Eccentricity | Inclination ‘ )
. . | I Cracking load
Members | thickness anchor stress section : of tendon of tendon ! P (ton)
t, (cm) 2a’(cm) 6. (kg /cm®) 2alcm) : e.(cm) 0. degrees i o
1 A0 26.5 500 20 00 302
2 40 26.5 500 120 0 5 271
3 10 26.5 500 120 0 10 238
) 26.5 500 120 o 15 210
5 10 26.5 500 120 0 20 \ 186
6 40 265 500 120 15 0 2w
7 0 | %65 500 20 30 ‘ 0 =~
10 26.5 500 1200 0 15 2 180
9 0 | 965 500 120 30 20 B
10 70 26.5 500 1 0 B
i 100 26.5 500 120 0 0 380
12 70 26.5 500 120 0 20 196
13 100 26.5 500 120 | 0 o0 o
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Fig.3 Tangential bursting stress contours to the direction
of y axis.

Fig.4 shows the tangential bursting stresses
at the upper side of tendon{at point B) accord-
ing to the distance from the loaded face. As
shown in this figure, peak tangential stress,
when the inclination of tendon increases, are
revealed lowly. For example, when prestress
force is got at a force of 90 ton, the peak stres-
s of the straight tendon member 24.69
kg /cm?® but that of 20° inclined member are
shown at the value of 20.64kg /cm®. And radial
bursting stress shows also similar character
1stics, It may be thought that tendon curva
ture force induced the compression stress at
the upper face of tendon, and this stress is
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compensated with tensile stress at the upper
side of tendon. This stress tendency is also not-
iced at the test results, and is well agreed with
Breen's test results,

Fig.5 shows the radial bursting stress at the
side face of tendon according to the distance
from the loaded face. It is shown that, as
increases tendon inclination, bursting stresses
are noticed highly, and for the highly inclined
member, tendon curvature force 1s generated
higher than straight tendon member. There-
fore, when design precast segment bridge, the
effect on the tendon inchnation must be con-
sidered seriously, and as for the case of highly
tendon inclination, the reinforcement of spiral

steel 15 necessary.
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An anchor located 1 /2 of the way toward the
edge will crack at a load approximately 26%
below that for centroidal loading. The trend
appears to be fairly linear, For the case of cur
ved tendon(0=20") member, the reduction of
cracking loads are shown relatively low. This
1s the cause of loading direction, In this FEM
analysis, the size of members Is restricted with
test members. And the direction of eccen-

tricity must be below the centroidal plane.
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4.2 Effects of Tendon Eccentricity

4.2.1 Cracking and Ultimate Loads

To explore the effect of tendon’s eccen-
tricity, straight and curved tendon members(¢
=20°) with eccentricity tendon were analyzed.
And the eccentricity from neutral axis varied
from e=( to e=30cm{e=(.5a).

Fig.6 shows the cracking load as function of
tendon’s eccentricity, As shown in this figure,
for straight tendon member, an anchor located
1/4 of the distance from the centroidal plane
toward the edge will crack at a load approx-
imately 16% below that for centroidal loading.
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Fig. 6 Cracking load as a function of tendon eccentricity.

4.2.2 Local Stress Distribution

Fig.7 shows the comparison of the tangential
and radial bursting stresses at P=90t as for
the straight tendon member when increases
the tendon’s eccentricity. As shown in this fig-
ure, tangential bursting stress are increased
significantly as increase eccentricity, Special-
ly, the increasing ratio between eccentricity=
Ocm and eccentricity=15cm is very large and
this is the cause of cracking and ultimate load
reduction, And radial bursting stress also
increases when increases eccentricity,

Thus 1t is necessary to reinforce with steel

when increases tendon’s eccentricity.
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Fig.7 Tangential bursting stress distribution as a function
of tendon eccentricity.

4.3 Effects of Concrete Cover Thickness

4.3.1 Cracking and Ultimate Loads

To examine the effect of concrete cover thic-
kness, straight and curved tendon(0=20°)mem-
bers with different concrete cover thickness
were analysed. And the concrete cover thick-
ness varied from t=20cm to t=50cm. Fig.§
shows the cracking load as a function of con-
crete cover thickness. As shown in this figure,
for the case of straight tendon series, a mem-
ber with 30cm thickness cracked at a load 6,
5% higher than that with 20cm thickness, and
a member with 50cm thickness cracked 9% hig-
her than that with 20cm. For the case of cur-
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ved tendon, the increase ratio of cracking load
1s lower than that of straight tendon,

Although increasing ratio of the cracking
load 15 lower as increase cover thickness, but
as increase concrete cover thickness, the re-

sistance of ultimate state is very high.

4.3.2 Local Stress Distribution

Fig.9 shows the comparison of the tangential
bursting stress, as increase concrete cover thic-
kness of straight tendon member series, when
prestress force transferred at p==218t. As
shown in this figure, tangential bursting stress
reduced significantly reduced as increase cov-
er thickness, This is the main cause of crack-
ing and ultimate load’s increase. It is seen that
thick concrete cover can be the tools of reduc-

ing internal tensile stress.
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Fig.9 Tangential bursting stress distribution as a function
of concrete cover thickness.

5. Development of Design Criteria
5.1 Cracking and Ultimate Load Prediction

A step-wise multiple linear regression analy-
sis considering all geometric variables-tendon
inclination, eccentricity, concrete cover thick-
ness, anchorage width and the height of the
member-was performed using the results of 14
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tests for which no anchorage zone reinforce-
ment was provided. Both model and full scale
test member’s data was supplied by Seoul Na-
tional University and Breen's test results,

Table 2 shows the regression analysis data
used in this study. Using this data, a large
number of variable combinations were exam-
ined. The regression analysis was performed
using the program IMSL. In this manner, a lar-
ge number of runs could be made efficiently,
and the variables with low statistical meaning
were deleted.

The primary goal of this regression study
was to minimize the mean standard error whic-
h 1s & measure of the difference between the
measured and calculated cracking loads, using
a reasonable expression., The resulting general
cracking load equation is expressed as a func-
tion of six major variables. The resulting ex-

pression is as follows

P =87.869f.+1.389(2a") —6.305(2a)
+4.339e+2.6140—11.93t
+0.235(2at) —229.02(e /2a)
—11.96(2a” /t)*—0.3(e /2a)’t?
—0.004(0t*) +309.23 (0

Where, P, : cracking load(ton)
e :eccentricity(cm)
2a :section height{cm)
2a” : width and depth of bearing area
(cm)
t :section thickness
¢ :tendon inclination(degrees)

To demonstrate the accuracy of Eq.1, com-
parison between the measured experimental
cracking load and the calculated value is con-
ducted. These results are shown in Table 3. As
shown in this table, the mean of P gserved) /
P (calcuaergy Was 1.008.

And ultimate load equation is expressed as a

function of six major variables. The resulting
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expression is as follows ;

P,=138.7£.+2.194(2a") — 6.282(2a)
+24.086(e)+7.47(0) —11.04t
+0.232(2at) —1213.348(e /2a)
—7.216(2a" /t)2—0.703(e /2a)°t?
—0.005(0t%) 4+280.783

As shown in this table, the mean of

(2)

Pcr(oh@erved)/pcr(calculaetd) was 1.004. Equation 1

used to predict the plate anchor load- es-

pecially VSL type anchorage- which will cause

cracking in a section without anchorage zone

reinforcement. Equation 1, althougth intended

for general application, has certain restrictions

due to lack of data in certain areas. These in-

clude :

(1) Multiple tendons anchored in the same

section are not covered.

(2) The anchorage is assumed to be square

section,

Table 2 Data for regression analysis

Cover ‘ Width of | Compressive ‘ Width of Eccentricity‘} Inclination } Cracking | Ultimate
Members thickness | anchor strength section - of tendon of tendon load load
t,(cm) | 2a'tem) |g, (kg /cm®) i  2a(cm) e, {cm) 0, degrees | P_(ton) P, (ton)
MR1A 7.62 667 | 303 52.07 0 0 17.69 | 29.45
~_ MRIB 762 | 540 304 5207 0 0 19.50 24.04
MIIB [ 762 | 540 375, 52.07 0 0 18.60 268
M7C4 | 762 5.08 277 50.8 7.62 0o | sz 1633
___FSIA 3048 | 2159 352 208.30 0 0 181.44 204.12
FS2B | 3048 | 26.67 324 208.00 0 30 149.69 28123
MI1A4 7.62 5.08 251 50.80 15.24 0 816 816
FSIB | 3048 | 2667 405 208.00 0 0 18144 | 208.66
M1 -2 1016 | 508 | 298 5080 | 508 0 19.50 19.50
M22 762 5.08 298 508 |0 0 1542 1542
. M32 . 508 | 508 208 50.8 0 0 . 1089 10.89
 MzA4 1143 5.08 251 50.8 15.24 0 998 9.98
WSS AORO | 40.00 | 26.50 500 120 0 0 280.00 -
WSC-AORO| 40.00 | 2650 | 500 120 0 20 205.00 320.00
Table 3 Comparison of theory with experimental data for cracking loads
Cracking Load(Pcr) Ultimate Load (Pu)
Members : : ‘ - — e
7?cr.ol)served P(‘r,L‘A]L‘L{Lath I PL‘I,()Iv/I’(r.tal Pul.obﬂvﬁeﬁf Pul,culcu]aled | Pu]._qb /Pul_uxl
MRIA 17.69 791 0.998 | 2495 25.03 0997
MRIB 19.50 19.38 1006 24.04 R 0,991
~ MIIB | 1860 17.71 CL0S0 2268 2163 Lo
M7C4 | 1452 13.44 L080 | 1633 | 1422 1.148
FS1IA | 15144 179.19 L0131 20412 201.18 ~Lols
FS2B 149.69 147.53 L015 281.23 291.23 0.966
~ MIA4 8.16 8.65 0.943 816 9.35 0.873
FSIB 181.44 187.70 0.967 208.66 217.67 0,959
M2 | 1950 1924 | 104 19,50 19.71 0.989
Mz2 | 1542 16.91 0.912 15.52 16.41 0.940
C M32 10.89 10.25 1.062 10.89 10.51 o3
M2A 4 9.98 9.66 1.033 9.98 9.38 Lo6t
WSS AORO|  280.00 178.85 1004 ] i -
WSC AORO  205.00 20313 . L009 | 32000 31245 1024
EEEIEE e
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5.2 Effects of Anchorage Local Reinforcement
and Other Variables

Cracking loads calculated from Eq.1 repres-
ents the expected value for normally reinfor-
ced section without anchorage zone reinforce-
ment. A substantial member of this tests deal-
ing with anchorage reinforcing methods-or-
thogonal :ie type reinforced and spiral reinfor-
ced-indiczted that cracking loads could be rais-
ed by addition of such reinforcement.

Assuming linear varlation between the val-
ues for the reinforced ratio of local reinforced
steel and stirrups, the cracking load of the
members that reinforced by local anchorage

steels are as follows :

P =P (108 porut1.62 pairp) +14.89 (3)

Comparison between the measured exper-
imental cracking load and the calculated value
for the members reinforced with local and
shear steel is conducted. These results are
showen in Table 4. As shown in this table, the

- ») D o ]
mean of | criobserved) /} cricaleulactd) Was 1.001 with

a standard dewviation,

Table 4 Comparison between the measured experimental
cracking load and the calculated value for the
members reinforced with local and shear steet

[ Cracking load(ton) [
e 1oact _

Members |- | Poon /P
Dertobsreeds | 0 icatcatared '
FS3A | 16783 | 16631 | L009
FS1A sl |7 | 0977
WSS AZRO. 29600 20731 L 0.99%
WSCAZRO. 22000 22055 0.998
WSS AZRL  300.00 29930 1 1002
WSCA2ZRL 22600 | 2212 Lop2

5.3 Comparisons of Experimental Results with
Various Design Codes

1) ACI and PTI

Xl 6 & 55 1994.10.

ACI and PTT’s design provisions are based
on an allowable bearing stress equation pres-
ented in ACI Commentary and Post-Tension-
ing manual. The permissible bearing stress
after allowance for stress losses is as follows.

£,=0.6 £ A, /A, < £ (4)

Comparison of ACI code with test results is
rather difficult because ACI code gives only
the specification of permissable bearing stres-
ses. To compare the experimental ultimate
load with ACI design code, bearing force P,
by ACI design code was computed by multipl-
ing the allowable bearing stress by the gross
area of the anchor plate. A comparison of the

bearing force P, calculated by ACI design

code with observed ultimate loads from exper-
imental tests is listed in Table 5,

The ACI-PTI's equation were conservative
about 15% for all the test members, But this
equation is restricted to straight tendon and
can not be applied to the other geometry such
as curved tendons,

Tabie 5 Comparisons of observed ultimate load with ACI

code
) t Calcuiated Bearing
Members Observcid Ultimate % Force by ACI,
Load P, 4, (ton)
: Py aiton)
W-SS-ALR1 336 293
WSSAGRZ | 344 293
WSS A2R0 | 3 ’ 203
WSS A2RI Moo 293 -

2) CEB-FIP

The Comite’ Euro-International du Beton
(CEB) and the Federation International de la
Precontrainte(FIP) prescribe that for the case
of uniform distributed pressures, the local resi-
sting force shall be determined as follows,
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£, *=0.67 fon/ As /A, < 4 £ (5)

Therefore, both ACI and CEB-FIP codes
have the same type of formular for admissable
bearing stresses. The CEB bearing stresses are
substantially higher, because of the safety fac-
tor of concrete,

Comparison of CEB-FIP code with test res-
ults is also difficult, because CEB-FIP code
gives only the specification of permissable
bearing stresses. To compare the experimental
ultimate load with CEB-FIP design code, bear-
ing force P, was computed by multipling the
allowable bearing stress by the gross area of
the anchor plate. A comparison of the bearing
force P, caculated by CEB-FIP design code
with observed ultimate loads from experimen-
tal tests is listed in Table 6. The CEB-FIP
equation were conservatively coincided with
test results. But this equation is restricted to
straight tendon and can not be applied to the
other geometry such as curved tendons.

Table 6 Comparisons of observed ultimate load with
CEB-FIP code

T Observed Ultimate [ Calculated Bearing
|

Members Load P, . (ton) ‘\ Force by CEB FIP,
; Py .i(ton)
W-SS A RI f jw w8
7w<;s"§71&1¢77 a1 T e T
WSSANR2 34 e
WSSA2R0 s g
wssagRL] s [

3) Stone and Breen
Stone and Breen’s design equation calculates
the cracking load P considering tendon’s in-

clination and eccentricity as follows ;

Perpae=t[£,,(38a —120)

-—(20 252(e /a)fy,)

180

103

g (e /a)—7]+39°

fS) , o
+ ‘£166—97 a’/th]1-9.1 (6

Stone and Breen found that the presence of
supplemental reinforcement did increase the
cracking load and they accounted for this
expected rise by modifying the results of abov-
e equation as follows :

P =(2.03—0.0320)

P, : spiral reinforcement

P, =(1.61—0.0190)

P, : orthogonal reinforcement (7)

Table 7 shows the comparison of observed
and predicted cracking load caculated by Ston-
e and Breen and this study. As seen 1n this t-
able, Stone and Breen’s predicted equaton
were conservative for most of members except
for spiral anchorage reinforced members. T
able 7 also indicates that the deviation of the
Stone & Breen formular from test data is very
large, especially for members without local
anchorage reinforcements, But predicted equa-
tion by this study is accurately accorded with
test results. Fig. 10 shows the comparison of
cracking load caculated by Stone and Breen

400

300+ & '

200+ A . &

Observed Cracking Load, Par.obs(lon)

...,"'v‘ : i Bl
100+ | —— Stone & Breen :
|~ Oh&Lim |
e - i
0 100 200 300 400

Cailculated Cracking Load, Per,cal (fon)

Fig.10 A comparison with the cracking load caculated by
Stone & Breen
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and this study.

6. Conclusions

The purpose of the present study is to ex
plore characteristics of the local stress distrib-
utions, and to suggest realistic formulas for
cracking and ultimate load capacities of pres-
tressed anchorage zones. To accomplish these
objectives, a comprehensive analyt:cal study
has been conducted, Major variables include
tendon inclination, tendon eccentricity and con
crete cover thickness,

From this study, the following conclusions
can be drawn.

1. Secticn geometry such as terdon incli-
nation, tendon eccentricity anc concrete
cover thickness affects the cracking and
ultimate loads. As tendon :nclination
increases, the cracking load capacity dec-
reases. [t is also found that eccentric load
ing causes the reduction of cracking load-
s. The amount of such reduction is quanti-
tatively determined in the present study.

2. The ratio of web thickness to section dep-
th(t /2a) affects greatly the cracking and
ultimate loads. The cracking load for the
ratio of web thickness to section depth
equal to 7 /12 is to higher by €.5 percent
than that for 1 /3, and it increases up to 9
percent when t /2a becomes 5 /6.

X 6 2 5% 1994.10.

3.

Realistic formulas for cracking and ulti-
mate load capacities are proposed. Tendon
inclination, tendon eccentricity and other
influencing variables are considered in de
riving the formular. The equations reason-
ably well predict the cracking and ulti-
mate loads of prestressed concrete anchor
age zones. The proposed formula may be
efficiently used for design and analysis of
tendon anchorage zones including straight

and curved tendons.
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