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A physical model, based on the concept of the compressive-force path,
is proposed for the realistic design of prestressed concrete members.
The compressive-force trajectory, as defined by this model, is verified
through experimental investigations. A test conducted on a prestressed
concrete T-beam has revealed that designing such members to the
current code provisions may lead to a brittle type of failure. On the other
hand, a similar girder designed to the proposed model not only attained
its full flexural failure load, but did so with an amount of transverse
reinforcement significantly lower than that specified by current meth-
ods,
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The compressive-force path (CFP) concept’ has recently
been put forward in an attempl Lo provide a rational and
unifying basis for structural concrete design. It departs
from established thinking in that, instead of relying on
such concepts as the ‘truss-analogy'®*, the *aggregate
interlock’ mechanism®* and the notion of the ‘critical’
section of a member, it gives consideration 1o the pres-
ence of multi-axial stresses in a concrete structure and
recognizes the brittle nature of conerete at the material
level. In the past, physical models have been proposed, in
compliance with the concept of CFP for the realistic
design of various statically determinate reinforced con-
crete (RC) members® ®, as well as statically indeter-
minate skeletal structures.” It is the purpose of the
present work to extend these models so as to encompass
prestressed concrete (PSC) structural forms.

It is argued that a PSC beam at the ultimate limit state
behaves like an RC beam, and since the physical model
based on the CFP concept provides a realistic descrip-
tion of the leatures of an RC member®, it follows that it
can also be used, after slight modifications, to model PSC
members. During the modification of the model, the
effect of the large prestressing force that is present in a
PSC member has been allowed for. The crack pattern at
failure obtained from the experimentation of a PSC beam

0141-0296/93/060439-13
@ 1893 Buttwrworth-Heinemann Lid

(PCBI - furnished with only a nominal amount of
transverse reinforcement and subsequently failing in
shear) has been employed to confirm the CFP proposed
by the model. This experimental finding has been com-
plemented by finite element (FE) analysis. The load-
carrying capacity, deformational response, fracture pro-
cess and modes of failure of two additional PSC beams
(one designed using the proposed (CFP) physical model
(PCR2) and the other designed to the British code BS
§110'" (PCB3)) have been examined in an attempt 1o
associate the causes and the mechanisms involved in
their failure,

Notation
i shear span
A, area of longitudinal tension reinforcement

which continues for a distance at least equal to
d beyond section being considered

Ay area of transverse reinforcement

b, effective width (see Figure A1)

C compressive force in concrete

d effective depth (mm)

i uniaxial compressive cube strength of concrete
i e uniaxial cylinder strength
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r ultimate stress of tension steel (N mm %)

1, vield stress of tension steel (N mm %)

1 yield stress of stirrup material

h horizontal projection of inclined portion of
L B

M, applied bending moment (Nmm)

M, moment corresponding to failure load (Nmm)

M Aexural capacity (Nmm)

e effective prestressing force in tendons

P, initial prestressing force in tendons

R reaction al support

8 distance from support of cross-section at which
M. is calculated (mm) (equal to shear span for
point loading, and 2d {in RC members) or h
(in PSC members) for uniformly distributed
loading)

T tensile force in longitudinal steel

Ay transverse lensile force

¥, applied shear force

K tensile force resisted by concrete alone in
region where CFP changes direction
depth of neutral axis

' depth of neutral axis considering triaxial con-
ditions

X, centroidal distance of uncracked concrete from
compression fice

z lever-arm distance

8 arbitrary length used in caleuluting A, per 4

Az increase in lever arm

if bar size

e tension steel ratio (A, /bd)

a, nominal triaxial compressive stress

a, 08 f,0

T confining pressure required for o, to increase
to o,

, transverse lensile stress

Design method

Phvsical model for PSC members

The concept of the CFP is based on a proper understand-
ing of concrete as a material and, thus, provides a
rational alternative lor overcoming some of the deficien-
cies of current design thinking. On the basis of this
concept, the load-carryving capacity of a structural con-
crete member is associated with the strength of concrete
in the region of the paths along which compressive forces
arc transmitted to the support, The path of the compres-
sive lorce may be visualized as a "flow’ ol compressive
stresses with varving section perpendicular to the puth
direction, the compressive [orce representing the resul-
tant of the stresses at each section as shown in Figure 1.
Failure has been shown to be related to the presence of
tensile stresses in the region of the path and such stresses
may develop due to a number of causes, the main ones
being associated with changes in the path direction, the
varying intensity of the compressive stress field along the
path, bond failure at the level of the tension reinforce-
ment between two consecutive flexural inclined cracks,
elo,

In contrast to RC members, a large amount of addi-
tional compressive [orce in the form of prestressing is
available in a PSC member; and, therefore, such a
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Frgure T Schematic representation of compressive-force path

prestressing force should play a vital role in determining
the nature of the CFP. In Figure 2, the “frame-like’
physical model developed for the design of RC beams®
has been modified to cater for the effect of the prestress-
ing lorce, The figure shows that the model comprises a
[rame with inclined legs, providing a simplified but
reilistic description of the shape of the CFP, and a
number of ‘teeth’ representing concrete cantilevers,
which form between consecutive flexural or inclined
cracks within the beam web under increasing load. Tn this
maodel, the length of the horizontal projection of the
inclined leg of the compressive-force trajectory (h) has
been considered to be primarily dependent on the ratio of
the amount ol elfective prestressing force (P,) and the
vertical reaction (R) at the support level, It is suggested
that, in a PSC beam. the inclined leg of the CFP at
failure, takes the direction of the force resultant ut the
support, The length “h" is, therefore, given by

h={(d— X,)*P,/R (1

where *d" is the effective depth of the beam and * X" is the
distance of the centroid of the compression area from the
top of the compression face. Unlike the case of RC
beams®, this simple relationship automatically takes care
of the shear-span to depth (a/d) ratio, as the reaction 'R’
15 a function of the shear span "a’ (for a given fexural
capacity) and ‘d" is a constant; however, it should be
noted that the value of R in equation (1) should corre-
spond to the design (flexural or shear) mode of failure at
the ultimate limit state. Otherwise, the value of R is
clearly dependent on the type of loading. Although the
model of Figure 2 refers to PSC beams with a straight
tendon profile, it can also be used for beams having
inclined tendons, as employed later in this paper.

Failure criteria

Teo implement the preceding model in design, it is essen-
tial to complement it with a [ailure criterion. Such a
failure criterion cannot be unigue, since under the com-
bined action of bending moment and shear force PSC
beams may fail due to a number of causes before flexural
capacity is attained, as mentioned earlier, An analytical
description of these internal actions causing failure has
already been derived empirically!', and is shown, as
slightly modified elsewhere®, in Appendix 1.
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Figure 2 Proposed frame model for prestressed concrete beam

Provision of transverse reinforcement

As indicated in Appendix 1, if the conditions for failure
are fulfilled before flexural failure occurs, one of the
design solutions that will allow the beam to attain its
Mexural capacity involves the provision of transverse
reinforcement. It is important to note that shear rein-
forcement is only required in the region of the joint of the
horizontal and inclined members of the frame, with a
nominal amount being sufficient in the remaining por-
tions of the PSC beam. The shear reinforcement is
designed so as to sustain the portion of the tensile force,
balancing the action of the compressive forces acting
along the members, that cannot be sustained by concretle
alone,

In PSC members, significant internal tensile actions
may develop, for equilibrium purposes, within both the
regions where the CFP changes direction and, for the
case of point loading, the horizontal portion of the path
in the region of point loads to sustain tensile stresses that
may develop when bond failure occurs belween two
consecutive flexural or inclined cracks (bond Failure will
increase the depth of the right-hand crack, thus causing
redistribution as indicated in Fignre 42 in Appendix 2).
For simplicity, consider a rectangular cross-section. The
resulting transverse tensile stresses, with the correspond-
ing stress resultant and the amount of reinforcement
required to sustain it, may easily be assessed as described
in Appendix 2.

A Tull description of CFP models for RC and PSC
members, together with design examples and experimen-
tal verification are available elsewhere®™!'2. For present

illustrution purposes, the relevant design details for beam
PCB2 have been included in Appendix 3.

Experimental programme

The experimental work to be described here was in-
tended not only to verily the proposed (CFP) physical
model in the design of PSC members but also to identify
probable inadequacies of the current shear design proce-
dures. All the PSC T-beams reported in the present paper
were initally prestressed to about 592 of the ultimate
capacity of the prestressing tendons, with an estimated
effective prestressing force of about 507, of the strength of
the strands. 1t should be mentioned here that, in the
original research programme'?, the proposed method
was also verified by conducting both physical and nu-
merical experiments on PSC members prestressed to an
effective prestressing force of about 60%, of the strength of
the tendons; the relevant results are reported
elsewhere! 14,

Beam detarls

Broadly, two types of posi-tensioned PSC beams were
tested. The type | PSC beam (this consisted of a single
test) was 6660 mm long, simply supported with a span of
000 mm and subjected 1o two-point loading. The type 11
PSC beams were 5660 mm long, simply supported with a
span of 5000 mm and subjected to six-point Joading,
Typical cross-sectional characteristics and end-zone rein-
forcement details of the PSC beams studied are given in

Engng Struct. 1993, Valume 15, Number 6 441




Experimental study of the compressive-force path: 5. M. Seraj et al.

|—‘ A n rl'”
= :
|
@ |
-
L
& Lo Las &
1] I,Wﬂl E00 ar 1000 00
Ce et - -
d
11 1] 201
—— g P
}'n
e
=
-
2
2 a0 IE
e i)
-
Im
-
-
b 120
Sec. A-A Sec, B-M
3a (]
- -
o L ¥
4 YE each way : /
N _— T
- Ry =5 Y8 3
pht.________:, N g /,Tmm -
1
{0 2
/ Cironit hole
Closed prip
c

Figure 3 (a) and (b) cross-sectional characterstics; (¢} reinforce-
ment details of end zones of prestressed concrete beams tested in
programme (all dimensions and bar sizes in mm)

Figure 3. All the type 11 PSC beams to be studied here
possess a straight tendon profile, as shown in Figure 3,
On the other hand, although the tendon profile for the
type | PSC beam remains straight for most of its length, it
does, in fact, make a small angle from a distance of
1030 mm from the end [aces, ending at midheight of the
end plate (see Figure 4), The depth of the tendons at the
prestressing and support levels were 150mm and
I78.84 mm (as measured from the top of the beam),
respectively. Figure 4 also contains the CFP predicted on
the basis of the proposed physical model, The slightly
inclined tendon profile was adopted in an attempt to first
test the applicability of the proposed model in a more
complex (Le. non-horizontal) tendon case, so that it
could be applied to any arbitrary tendon profile later,
The loading configurations to which the beams were
subjected ure shown in Figure 5.

The tensile reinforcement of the PSC beams comprised
129 mm diameter super steel strand wire conforming to
BS 5896/3. Additionul links and secondary reinforcement
were provided n the flange of the beams. High-tensile
steel of 6 mm diameter, mild steel of 4 mm diameter and
1.5 mm diameter were used for this purpose. The pre-
stressing force in the post-tensioned beams under study
was applied at the end face with the aid of mechanical
anchorage. The transition of this longitudinal compres-
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sive stress, from concentrated to uniformly distributed,
produces transverse (vertical) tensile stresses which may
lead to longitudinal cracking in the member. To prevent
splitting and bursting, the end 2zones of the beams were
provided with additional reinforcement in the form of
stirrup and longitudinal (Y8) bars (see Figure 3(c)).
Additional 8 mm diameter high-tensile steel bars were
welded longitudinally to the end plate 1o ensure that the
end plate becomes an integral part of the beam when
cast. Transverse reinforcement was provided by 1.5 mm
diameter plain wire. Table /| summarizes the strength
characteristics of different bars and tendons used in this
programme,

The design cube strength for the PSC beams was
35 MPa. Considering the very thin web and the difliculty
involved in vibrating such a long beam, a superplasticizer
was used to increase the workability of the concrete.
Table 2 gives details of the mix proportions used,

A 22 mm diameter, properly aligned, galvanized iron
duct was kept within the formwork before the casting of
the beams. Two 200 mm wide, 300 mm high and 30 mm
thick stecl plates were used as end plates at each end of
the beam, The plates were suitably drilled in accordance
with the tendon profile, duct and end-anchorage size. On
the sides of the plates, grout inlet/outlet holes were made.
A grout having a waler/cement ratio of 044, 1.01 of
superplasticizer per 100 kg of cement, and a 100 gm pack
of grout additive per bag of cement was used, The groul
thus produced was found to be satisfactory from both
workability and strength viewpoints.

The type I PSC beam PCBI1 was tested in order to
explore the nature of the compressive-foree trajectory in
a PSC member, It is clear that the cracking pattern of an
under-reinforced PSC beam failing in shear can best
portray the location of the change in trajectory of the
CFP (for beams failing in flexure, this region remains
largely uncracked). To test the basic ideas, the beam was
neither designed to BS 8110, nor were the recommenda-
tions of the CFP concept implemented; such an ap-
proach ensured that the member would fail in shear and,
thus, the web of the beam was furnished with nominal
reinforcement only. This nominal reinforcement was

Tabie T Reinforcement characteristics

Type of reinforcemeant f. MPa f,, MPa
12.9 mm « stabilized strand 1980.4
8 mm i high-yiald steal 470 KBS
& mm o fugh-yield stesl 570 665
4 mm o mild steal 460 540
1.5 mm ¢ mild steal 460 510

Tabbe 2 Concrote mix proportions (by welght) used in manultac-
ture of PSC beams

Type 55 MPa mix
10 mm aggregate 3.6
Coarse sand 200
Fine sand 0.89
Camant 1.00
Water 0.58

Superplasticizer 120 litre/ 100 kg cament
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h = horizontal projection of the inclined leg of the model
= (d-XgiPe /R = (178.84-26.67)* 191183.3/ 16251.43
= 1800 mm
Mote: In this calculation, since the tendon was inclined, the horizontal component of the effective prestressing

force has been taken as “Pe”, the net upward force due to the action of prestressing and the reaction has
been taken as “R", and the depth of the tendon et the support level has been taken as "d”. All
calculations refer 1o the ultimate limit state,

Fiipure 4 Inclined tendon profile and predicted CFP for PCR1 {(all dimensions in mm)
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Figure 5 (a) Two-point and (b) six-point loading configurations (all dimensions in mm)

about 40%, ol the web reinforcement which is prescribed
by BS K110. On the other hand, this nominal web
reinforcement could cater for only 60%, of the transverse
reinforcement (in accordance with the CFP design)
needed al locations where the CFP changes its direction,
in order to sustain the tensile force that may develop at
these places. So far, both the BS 8110 and the CFP design
requirements refer to flexural failure, whereas in this test
a shear type of failure was sought. However, in order to
guarantee thal the planned shear lailure takes place due
to the (additional) tensile stresses at the location where

the CFP changes direction, and not due to bond failure,
the flange of the beam was furnished with an adequate
amount of links, as can be calculated from CFP pro-
Vislons.

The PSC beams tested had two types of transverse
reinforcement. Type | consisted of two-legged links ex-
tending from the top face of the beam o the level of the
prestressing endon. Type 2 transverse reinforcement was
i “hoop-hke’ reinforcement placed around the top flange
of the beams,

In type 1 PSC beam PCBI1, 1.5 mm ¢ type | transverse

Engng Struct. 1993, Volume 156, Number 6 443
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reinforcement was placed throughout that length of the
beam having a T-section at 100 mm spacing. Type 2
reinforcement comprising 6 mm ¢ links was placed
(again, throughout the T-section portion) at a spacing of
100 mm. Details of the transverse reinforcement is shown
in Figure 6{a).

Two type 11 PSC beams, one designed to the concept
of CFP (designated as PCB2), and the other designed to
BS 110 (designated as PCB3), were tested. Figures 6(h)
and (¢} show the transverse reinforcement arrange-
ments for PCB2 and PCR3, respectively. In beam PCB2,
1.5 mm ¢ type | reinforcement was placed at a spacing of

34 mm centre-to-centre for a distance ‘d’ { = 240 mm) at
locations where the CFP changes its direction, in accor-
dance 1o the physical model of Figure 2. Since the calcu-
lations have shown (see Appendix 3) that the centre of
such locations is situated ut a distance of 920 mm [rom
the supports, these links were placed at 120 mm on either
side of that spot. For the rest of the beam, nominal
reinforcement, as advocated by BS 8110, constituting
1.5 mm & type | links at 100 mm spacing was considered
suflicient and was placed accordingly throughout that
portion of the beam having & T-section. Type 2 reinforce-
ment comprising 1.5 mm ¢ links was placed at a spacing
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Figure 6 Transverse reinforcement details of {a) PCB1, (b) PCB2 and (c) PCB3 (all dimensions and bar sizes in mm)
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of 20 mm from a distance of 120 mm before the first (and
after the sixth) point-load to 120 mm after the sccond
{and beflore the fifth) point-load.

In beam PCB3, 1.5 mm ¢ type | links were placed at a
spacing of 40 mm centre-to-centre throughout the whole
T-section length ol the shear span subjected to maximum
shear stress (this reinforcement was also extended about
140 mm beyond the first (and before the sixth) load
point). For the rest of the beam, type | links were placed
at a spacing of 100 mm. Apart from these, and as
recommended by BS 8110, type 3 reinforcement consist-
ing ol a straight piece of 4 mm ¢ mild steel was placed al
the top of the top Nange, perpendicular to the longitu-
dinal direction of the beam at a spacing of 60 mm.

The concrete strength characteristics of all these beams
are given in Table 3. In the preliminary design calculation
of the beams, 80%, of the cube strength was assumed as
the equivalent uniaxial cylinder compressive strength of
the concrete. The actual cylinder strength was established
on the day of testing. The detailed calculation regarding
the assessment of web and fMange reinforcement of all
these beams is available elsewhere'?, while that of PCB2
may be found in Appendix 3.

Prestressing

The prestressing operation was carried out by means of a
purpose-built rig (see Figure 7 for prestressing end of the
rig) consisting of two identical 20-ton jacks, CCL grips
and other accessories, The jacks were energized together
to stress both the tendons of the beams evenly. The
prestressing process was monitored closely with the aid
of several inear voltage differential transducers (LVDTs)
and electrical resistance strain gauges. About one day
after the completion of the prestressing exercise, the

Figure 7  Outside view of prostrossing g

beams were re-prestressed and shims were inserted to
cater lor the losses due to slip at the jaws of the grips and
due to initial relaxation. From the amount of final
elongation of the tendons, the quantity of the initial
prestressing force was found, The effective prestressing
force was estimated after allowing for various prestress-
g losses. Further details concerning the prestressing
operation can be found in Reference 12,

Testing

The two-point loading in the PSC beam PCBI was
applied through a hydraulic ram and a spreader beam
supported on steel loading plates. In the case of other
PSC beams subjected to six-point loading, three identical
20-ton jacks connected in series to an Amsler machine
were commissioned. Beneath every hydraulic jack, one
spreader beam supported on two steel loading plates was
placed.

The midspan deflection, the 0.22 span deflection and
the out-ol-plane displacements were recorded. There
were 2 LVDTs at the midspan, 2 on the sides to measure
out-of-plane displacement and 1| LVDT at each of the
0.22 span locations from the support of the beam, At each
load increment, the load was maintained constant for
about 3 min in order to monitor the load and deforma-
tion response of the beam, mark the cracks (if any), and
take photographs ol the member's crack patterns, The
measured values of load, displacement, and strain were
recorded by a computer-logger capable of measuring to a
sensitivity of + 0.1 N, 4+ 0.,0001 mm, and + 12 micro-
strains, respectively, with a speed ol about 10 channels
per second. Details of the prestressing, re-prestressing,
grouting, loading, instrumentation, testing procedure,
loading sequence, and the validation of the prestressing
and testing set-ups are available elsewhere'?,

Discussion of results

Load-carrving capacity

The measured load-carrying capacity of all the PSC
beams along with the CFP, BS 8110 and ACT 318-831%
predictions are given in Table 4. From the table it can be
seen that the type I beam PCRI failed in shear at an
applied load of 56 kN (57 kN including the load of the
spreader beam). The British code predicted a shear
failure at a load of 56 kN, while the proposed method
predicted a [ailure load of about 61 kN. Thus, although
both methods gave close predictions of the load-carrying
capacity, the British code’s value was the more accurate
one.

Tabie 3 Concrete strength charactoristics of various PSC beams testad

Baam Age ar Cube strangth [ MPa) Cylindor strangth (MPa)
Leesl
(days) 28 days Testing day Testing day
PCB1
(Type I) 4 54.1 57.0 46.4
PCB2
(Type 11} 72 663 57.4 462
PCB3
56.9 46.3

Type ll) 69 54.8

Engng Struct. 1993, Volume 15, Number 6 445
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Tabie 4  Predictod and actual failure loads of PSC boams tested

Total sustainad load, KN (fallure type)

Predicted (kM)

ACI 318 CFP

Measured (kMN)*

Baam Load type BS 8110
PCB1 Two-point 56.00
{brittla)
PCB2 Si-point 83.90
{brittla)
PCB3 Sl point 8218
(ductile)

{brittle)
{brittle)

{brittle)

47.98 61.00 56.00
(brittla} (Brittle)
4,60 8218 107.00
{ductila) (ductile}
86.30 8894 90.00
{brittla ) (quasiductile)

“add weight of sproader beam{s) (1 kN tor PCB1 and 1.5 kN for PCB2 and PCB3)

to obtan total sustained loasd

The type 1l beam PCB2 attained its flexural capacity
at an imposed load of 107 kN. Although both the pro-
posed methed in compliance with the CFP concept and
BS E110 underestimated the flexural capacity in the
course of the design caleulations (157, by CFP and 23%,
by BS E110), the amount of transverse reinforcement
used was significantly smaller in the former case. For
PCB2, the total amount of transverse reinforcement in
the web was only 607, of that in PCB3 within the shear
spiun subjected to the maximum shear force (ie. in the T-
section between the support and the loading points
nearest to the supports, see points | and 6 in Fig-
ure 5(hJ)). However, in PCB2 additional links were pro-
vided in the flange in the region of loading points 1, 2 and
5, 6 (see Figure 5(b)) Lo cater for the tensile stresses that
develop due to possible bond failure. Beam PCB3, on the
other hand, had a uniform amount of shear reinforce-
ment (in each shear span) as calculated by using BS 8110,
PCB3 also had nominal reinforcement in the Aange in the
dircction perpendicular to the longitudinal direction
of the beam. Beams PCB2 and PCB3 both had the
same cross-sectional dimensions, material properties and
longitudinal reinforcement. Thus, the flexural capacity
(based on triaxial properties) of both beams should have
been essentially the same if shear (quasiductile) failure
had not occurred in the BS &1 10-designed member PCB3
at its calculated flexural capacity (based on umiaxial
properties). The causes of the observed behaviour will be
discussed later,

Deformational response

The load-deflection relationships obtained from the tests
on PCBI, PCB2 and PCB3 arc shown in Figure 8.
Although two LVDTs (70 mm apart) recorded the mid-
span deflection of each of the beams, only readings of one
of them have been shown in the figure, as they were
almost identical’?, thus confirming that the loading was
truly vertical and uniformly distributed across the width
of the beam, with negligible torsional effects. The brittle
nature of the failure of PCBI can be seen from Figure 8.
The ultimate failure loads for PCB2 predicted by the
British code and the proposed method are also included
in Figure 8 Tt can be scen that PCB2 exhibits a more
ductile behaviour than PCB3, and that, in addition,
PCB2 sustained about 197, more load than PCB3, Such
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a difference in the behaviour of these type 11 PSC beams
can only be attributed to the effect of flange reinforce-
ment and the provision of the necessary amount of web
reinforcement at the relevant positions, since in all other
respects both the PSC members were similar.

Cracking process

It is important to reiterate that the purpose of testing
PCBI was to visualize the ultimate crack pattern at
fwilure, and to correlate such cracking pattern to the
trajectory of the CFP. The cracking process was imitiated
by the formation of flexural cracks at the midspan of the
beam at an applied load of about 30 kN. In the subse-
quent load step, the number of flexural cracks increased,
and diagonal cracks were initiated in the web, near to the
loading points. At a load of about 40 kN, extensive
dingonal (shear) crucks were formed in the web of the
beam. By the time the total applied load was about
45 kN, a pair of shear cracks, one in each shear span,
which had reached the compression flange - web inter-
face earlier, started moving along the said interface. At an

120

- I108.5 kN

Tele]= 92 18 kN !E_FPE

e e,
9;?,"3’" Prediction for PCB2)

8330 kN (BS8I10)

5T KN

Lood, kM

'y | i i 1 1

i i 1
0 20 40 &0 80 100
Midspon detlection , mm

Figure 8 Load-deflection curves for PCB1, PCB2 and PCB3
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applied load of 50 kN, these diagonal cracks started to
open up. When the applied load reached 56 kN, the
horizontal portion of one of the above-mentioned shear
cracks penetrated into the flange of the beam, and
eventually failure occurred. In Figure 9, the crack pattern
after failure is shown; one should note that the crack
width at failure was very lurge.

The cracking process for PCB2 and PCB3 has been
described in detail elsewhere'?, by reference to photo-
graphs taken at significant stages of the crack-propaga-
tion sequence. Whercas the crack patterns just before
failure for both the beams are given in Figure 10, the final
crack patterns in the regions where the failure ultimately
took place in these members appear in Figure 11, The
summury of the cracking process is as [ollows. The first
Rexural crack in PCB2 took place at the midspan of the
beam at 50 kN, ie. at about 47%, of the ultimate failure
load. This crack propagated vertically upwards from the
bottom face of the beam. As the load increased, a few
similar cracks appeared adjacent to this first crack, the
number of crucks increasing with increase in load, Some
of the previously seen vertical cracks penetrated into the
web and, also, new inclined cracks developed in the wehb
The rate of crack propagation and formation of new
cracks drastically reduced at about 85 kN, e at aboul
9% of the ultimately sustained load. At this siage almost
all the web cracks propagated to the underside of the
flange but did not penetrate into it. Although the crack-
ing process stabilized at this stage, the rate of increase in
the deflection of the beam did not reduce. At about
105 kN, flexural failure was almost imminent. When the
load reached 107 kN, the flexural crack that had initially
formed first, and which previously had reached the
compression flange web interface, suddenly became
slightly inclined, and eventually failure occurred as the
crack penetraled deep into the middle zone of the com-
pression flange of the beam

In the case of PCBA3, the cracking process was initiated
at 45 kN ie. at about 50% of the failure load, when the
first llexural crack was perceived. As the load increased, a
few additional vertical cracks appeared nearby., At
35 kN, one pair of shear cracks, formed at symmetrically
opposite positions in the web, moved very near (o the
underside of the Bange. In the next few loud increments of
5kN each, more and more shear cracks appeared and

Figure 8 Crack pattern at fallure and obsérved CFP of PCBY
{dimension is in mm)

b ¥

Figure 10 Crack patterns just before failure for (a) PCB2 (105 kN)
and (b} PCB3 (90 kM)

flexural cracks went deep into the underside of the fange.
BBy the time the beam sustained an applied load of 75 kN,
some of the shear cracks near the second and the fifth
loading points (see Figure (b)) started penetrating into
the compression Aunge. At a lond of 90 kN (84% of the
true (or traxial) Aexural capacity exhibited by the similar
tvpe 11 PSC beam PCB2), there were shear cracks along
the whole length of the beam and some of the large shear
cracks penetrated deep into the flange (Figure 1075, ).
The beam could not sustain any load beyond this level
and eventually shear flure took place without prior
warning.

Causes of observed belaviowr and failure mechanism

The shear failure of PCBI, designed to [ail in shear, is
understandable. While the failure load was quite accu-
rately predicted by the BS 8110 lormula, the proposed
method slightly over-predicted it. However, even though,
in the present case, the British code has predicted the
failure load well, the concepts that form the basis of such
predictions remain questionable. According o the code,
the design ultimate shear resistance of concrete was
24.15 kN, This shear resistance provided by concrete,
supposedly includes the contribution of aggregate inter-
lock, which the present codes of practice consider to be
substantial, The excessive width of shear cracks (virtually
see-through crucks) near failure, however, clearly raises
doubts on any possible presence ol aggregate interlock at
this stage. The share of the concrete contribution to shear
resistance olfered, according to current codes, by the

Engng Struct. 1993, Volume 15, Number 6 447




Experimental study of the compressive-force path: S. M. Seraj et al.

Figure 11 Crack patterns in regions where failure sccurred for ()
PCB2 {failure a1 107 kN); (b) PCB3 (failure at 30 kN)

apggregate-interlock mechanism, therefore, must have
been borne by the concrete in the compressive zone since
the so-called tension tie (stirrups) of the truss (sce Fi-
gure 12 for the truss model widely postulated by current
design thinking) was at yield even before the attainment
of maximum load and hence this transverse reinforce-
ment could not have provided uny additional shear-
CATTYINg capacity.

Omn the other hand, the final crack pattern of Figure 9
shows that the diagonal crack, which ultimately led to
the collapse of PCRI, started at about 1300 mm from the
support, and after developing the inclined portion in the

Stirrups (tension tie) J

weh, propagated horizontally along the web-flange inter-
face. The intersection of the horizonal and the inclined
portion met, approximately, at a distance of about
600 mm from the load pomt, ie. 1900 m from the sup-
port. The trajectory ol the compressive force was lound
by joming the location of the tendon at the support with
this intersection of the horizontal and the inchined cracks
and then extending it horizontally along the compres-
sion-Mange; the resulting observed CFP has been indi-
cated in Figure 9 by a dot-dash line. In Figure 4, the CFP,
as predicted by the proposed method, has already been
shown. The resemblance between the proposed and the
observed CFP is remarkable. There is, however, a gap of
about 100 mm between the predicted and the observed
location at which the CFP changed its direction. In the
calculation shown in Figure 4, the reaction at the support
has been estimated at the ultimate himit state, considering
flexural failure, of the beam, Since the beam failed in
shear at a load lower than its flexural failure load, the
change point of the CFP moved slightly away from the
predicted location. Error in judging the prestressing
losses may also aflect such calculations. It is worth
mentioning here that a numerical simulation of the test
results of PCB1 has also confirmed the proposed nature
of the CFP in a PSC member'?'?®, In this simulation
exercise, a recently dct'l:lni'h:d fully three-dimensional
finite-element (FE) package'®, the wide ranging applica-
bility of which has been proven on the basis of several
case studies of varying complexities! " '® and concrete
strengths'”, was employed. Since detailed description of
the FE modelling (i.e. FE discretization, analytical crack
patterns, load-deformational behaviour) of PCBI ure
available clsewhere'?-'%, they are not included here.
Figure 13 shows the analytical crack patiern at failure (at
the maximum sustained load level) of PCBL. If the
symbols comprising either crosses or circle with oriented
dash (ic doubly-cracked zones) are conmected by a
hypothetical ling (shown dotted in Figure 13), the
cracking pattern at failure can be visualized; and, in turn,
from it the location of the change in CFP trajectory may
be estimated. This location where the CFP changes
direction is marked by the Gauss point having a circle
with a diagonal crack. It can also be seen that numerical
prediction of the crack pattern matches quite closely the
experimental failure pattern of Figure 9. It is, therefore,
apparent that the failure of PCB1 was due to the pro-

Lood

Longitudinal bars

o —————— = concrete in compression

il reinforcing bar in tension

Figure 12 Truss model
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Figure 13 Beam PCBY, Analytical erack pattern at maximum sustained load level. {Dotted trajectory joins doubly-cracked zones and indicates
ultimate failure pattern. Location where CFP changes direction is marked by Gauss point having a circle with a dingonal crack; CFP rajectory
can be visualized by first drawing a straight line berween support at tendon level {3/5ths of beam height from top face) and Gauss point in
question, and then anather line sxtending from this point above dotted line and raughly parallel to it )

vision ol an inadequate amount of transverse reinforce-
ment at places where the CFP changed its direction.

As mentioned earlier. current design methods are
usually based on the truss-analogy concept. According to
this school of thought, 4 reinforced or prestressed con-
crete beam behaves as a truss once inclined cracking
occurs, with the transverse reinforcement forming the ties
while concrete between the consecutive inclined cracks
acts as a strut. On the basis of the above concept, beam
PCB3 should transform into a truss, after shear cracks
are formed, which should be stronger than the truss that
would be lformed oul of PCB2, Thus, PCB3 should
sustain more load than PCB2. However, in reality the
reverse happened. Beam PCR2 sustained 19, more load
than PCR3 and attained its Nexural capacity while beam
PCR3 failed in “shear’ (in a quasiductile manner), Such a
behaviour indicates that truss behaviour is nol a neces-
sary condition for a PSC member Lo attain its flexural
capacity, once the shear capacity of the concrete is
exceeded. It is interesting 1o note that beam PCB3 could
not attain its true (triaxial) flexural capacity (as had been
the case with PCB2) even though it just sustained the
load corresponding to the calculated flexural capacity
(based on uniaxial properties). This clearly shows that
the present code provisions, which try to advocate the
truss-analogy concept to model a beam under shear
force, without giving proper attention to the stress condi-
tions in the path through which the compressive force is
transmitted from the load point to the support, may
resull in this type of undesirable failure. 1t is also appar-
ent that, in a PSC beam, provision of reinforcement
apccording to the CFP concept gives results that are much
better than the presently available code provisions. The
proposed method took care not only of the tensile forees
developing where the CFP changes its direction but also
of the (additional) tensile forces that can be developed in
the Mange due to bond failure at locations where both
shear and moment are more prominent.

A closer look at the cracking process'® provides a
rational explanation of the observed lailure mechanism,
It appears that the absence of transverse reinforcement,
in the flange of PCR3, prevented the beam from achiey-
ing a ductile delformational response, as shear crucks
penclrated into its compression flange at loads as early as
75 kN, A comparison between the cracking patterns just
before failure of PCB2 and PCB3 shows in the latter the
presence of horizontal cracks (Figure 1)) at the
interface of the web and bottom-flange (i.e. at the height
of tendons) suggesting bond failure, while no such cracks
are exhibited in the former (Figure 107 a)). Bond failure
results in an increase in the length of the lever arm (see

Figure A2 in Appendix 2), which in turn necessitates an
enhancement in the average compressive strength of the
conecrete. Since the compression flange of PCB3 was not
lurmished with transverse reinforcement mm the form of
hoops, it was not capable of providing adequate confine-
ment required for such improvement in the concrete
strength. As a result, cracks could penetrate into the
flange without any difficulty. Now, while inadequate
flange confinement initiates much of the eritical eracking
( Figere 160(h)), it is the crack at the location where the
CFP changes direction (Figure /1(b)) which produces
failure. Due to the absence of the required amount of
trunsverse reinforcement at the changing points of the
CFP, the tension that develops at such locations could
not be sustained by the beam PCB3. As a result, failure
took place. Figure [17h) clearly shows the snapping of
the web reinforcement and the opening up of the web, at
failure, in the locality where the CFP changes its direc-
tion. On the other hand, the absence of any such snap-
ping of the transverse reinforcement in the critical shear
span of the beam PCB2 (shown in Figure 11{a)), al
failure, demonstrates the fact that the beam could sustain
the above-mentioned tensile stresses, as an adequate
amount of reinforcement was available at the critical
positions. The beam, consequently, failed in a ductile
fashion. It is obvious that the transverse reinforcement, in
the flange of PCH2, also played an important role by
confining the concrete there, and thus preventing the
cracks from penetrating into the Mange at the carly stages
of the failure process,

The calculation of the “full” or “true” flexural capacity
of beam PCB2 from the ultimately sustained load also
reveals that the neutral axis near failure was very close Lo
the top face of the flange. This phenomenon can only be
explained if the stress condition in the flange was one of
trinxial compression and not, as widely believed, uniaxial
compression. It should be noted that, due to triaxial
compression, concrete in the compressive region fails ata
much higher load than its uniaxial compressive strength,
thus allowing the lever arm (o inerease its length, Conse-
quently, the true or triaxial flexural capacity becomes
higher than its uniaxial counterpart.

Conclusions

The following tentative conclusions can be drawn from
the, admittedly, limited number of tests reported in this
paper. It is to be noted, however, that the present findings
have been confirmed by additional test results published
elsewhere'?,

The physical model proposed by the CFP concept for
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the design of RC components can also be extended to
PSC eclements. In the modelling of PSC members, in
compliance with the CFP concept, the large amount of
prestressing foree acting on the member plays a crucial
role. It has been proposed that, in a4 PSC beam, the
trajectory of the compressive force initially takes the
direction of the force resultant at the support and moves
horizontally after reaching the centroid of the uncracked
compression area. This CFP predicted by the proposed
method has been found to be compatible with the
experimentally and analytically observed crack pattern,

The attainment of the full potential flexural capacity
by the PSC beam designed in compliance with the CFP
concept using the proposed physical model appears to be
a promising way forward for achieving a rational design.
It also indicates that the proposed (CFP) method of
designing concrete structures is equally applicable to
both RC and PSC members, thus providing a unilying
feature in structural-concrete design thinking.

On the other hand. the beam designed 1o BS 8110
failed to achieve a true (triaxial) flexural failure and
underwent a quasiductile deformational behaviour even
though it contained about 40°, more web reinforcement
than the beam designed to the CFP concept (which,
however. had additional fange reinforcement). The Brit-
ish code predicted the failure load of this beam quite
accurately (although this was about 19% less than the
failure load of the beam designed to the CFP concept,
which apparently attained its true flexural capacity). The
performance of this PSC beam designed to BS 8110
questions, once again, the validity of the truss-analogy
concept, which ignores the presence of multiaxial stresses
in structural concrete members. The final cruck pattern
of the latter beam justified the necessity of providing
adequate transverse steel to cater for the tensile stresses
that develop at locations where the CFP changes its
direction.

Current design methods appear 1o be unsafe, since
compliance to such codes may lead to a brittle type of
failure. It appears that ‘truss’ behaviour is neither a
necessary nor a sullicient condition for a PSC member (o
attain ductile failure. Instead, the consideration of the
siress state in the compressive loree trajectory seems Lo
lead to a safer design solution.

Considering the fact that the amount of prestressing
losses is not a fixed quantity, it might be good practice to
spread the design transverse reinforcement over a wider
length (say, for a distance *2d” instead of the presently
applied length “d") at locations where the proposed
model predicts the CFP change in direction. This ap-
proach has been adopted in a further series of PSC beam
tests, reported elsewhere'?,
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Appendix 1

Failure criterion
M, = (L875 sd (l}.."-42 b,

M I\ [16.66\'4
031 :
il ? \/(*D(ﬂ-h)

where the various parameters are defined in the Notation
and in Figure Al.

(ALL)
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- [T

b3 by v 2ds or by + 2b;
[ whichever is smaller)

"'|¢ai""

Figure A1 Definition of b, used in equation (A1.1)

Equation (Al.1) may be used in PSC member design as

follows:

(1) Select cross-section s

(2) Find moment M, at cross-section s due to applied
loading

(3) Design cross-section s to sustain a given M

(4) Determine M, from equation (AL1); if M_> M,
only nominal stirrups would be needed
Otherwise, if M_ < M, either increase area of pre-
stressing steel (thus increasing M, to a level greater
than or equal to M), or increase the cross-section;
the alternative is to provide transverse reinforce-
ment in accordance with the requirements described
in Appendix 2

Appendix 2

Assessment of transverse reinforcement

(a) Region where CFP changes divection
Excess tensile force Ty, = V=V, — ¥,

V.= M./s (A21)

Transverse reinforcement over a length d Lo sustaim T,

will be, A, = T, /f,.

where the various parameters are defined in the Nota-

tion.

(b) Horizontal portion of parh {see Figure A2)

Using information in Figure A2, the following sleps are

used:

(1) Az=VaX/(2T);

(2) x'=2d-
section

VeV, = F

w

z—Az) = 0; if ¥ <0, increase cross-

j_

Figurs A2 Agsessmant ol axcess tension due 1o bond fallure

(3) Assess nominal triaxial compressive stress o/
a. = C/(bx)

(4) Msummg 0.8 [,y describes uniaxial condition (g, =
0.8 [ n ) Assess Luntmmg pressure o, required for
@, o increase o o), from expression o, = (0, —
08 [,)/5

(5) Assume transverse tensile stress o, = —
pression positive)

(6) Tensile force over length é willbe T,, =, +bh=+d

() Amount of transverse reinforcement over length &
to sustain tension T, will be A, = T /f,,

r'rcmu_r {.C'}m‘

Appendix 3

CEP miethod design calcwlations for PCB2

Flexural capaciiy (see Figure 3)
A, =2054mm?; [, =19084Nmm * gives, T=
3919853 N
Sow = 55 N mm ™ ? gives g, = 0.67 [, = 36.85 N mm ?
Since C =T, 4, = 391985.3/36.85 = 10637.32 mm*
Thus X = 53.5mm and X, = 26.67 mm
Lever arm, 2 = 240 — 26,67 = 213,33 mm
Hence flexural M;=3919853+21333=
BI621580 N mm
Maximum total sustained six-point load as indicated in
Figure 5(b) is 6+ 1536173 N
Shear force susiained by conerete
Shear span 5 = 1357.5 mm
Using equations (Al.l) and (A2.1), M, = 47128960
Nmm and ¥V, = 3471747 N
Applied bending moment at s = 13575 mm, M,=
62561140 N mm = M,
Thus shear reinforcement is required. The location
around which the compressive-force path will change its
direction can be determined with the aid of the proposed
model of Figwre 2
Initial prestressing force, P, = 0.59 « T'= 2312713 N
Considering 147 losses, effective prestressing foree, P, =
0.86+ P, = 1988934 N
Thus, using equation (1), h = (d — X _)P,/R = (240 —
26.67) = 198893.4/460835 = 920 mm
Transverse reinforcement
(i) For excess tension due to change in path direction
[see Appendix 2{a}]
T, = 4608519 — 3471747 N = [ 136772 N
A, = 11367.72/460 = 2471 mm*
Provide 8¢01.5 — 1 — 34, as shown in Figure 6ih)
(ii) For excess tension due to bond failure [sec Appen-
dix 2{b}]
= = (46085.19 — 34717.47) + 51.5/
(2 %391985.3) ~ 1 mm
X'=2(240— 21333 — |) = 51.34 mm
o, = J9I985.3/(200 x 50) = 39.2 Nmm ™~
tapered part
Toany = 047 N mm~
Tensile stress resultant over a length of 100 mm =
047 » 200 = 100 = 9400 N
Required  reinforcement  is
20.43 mm*
Use 1.5 —

capacity

* omitting

_---rﬂ'J

A,, = 9400/460 =

2 — 20, as shown in Figure 65}
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