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Describes the test results from six large pile caps that failed in two-
way shear. ACI Building Code procedures for the shear design of pile
caps are unable to predict the experimental results because the pro-
cedures neglect certain important parameters, such as the amount of
longitudinal reinforcement, and overemphasize other parameters,
such as the effective depth. Strut-and-tie models were found to de-
scribe more accurately the behavior of deep pile caps.
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A pile cap is a structural member whose function is
to transfer load from a column to a group of piles [see
Fig. 1(a)]. Current design procedures for pile caps do
not provide engineers with a clear understanding of the
physical behavior of these elements. Strut-and-tie
models, on the other hand, can provide this under-
standing and hence offer the possiblity of improving
current design practice.

The design procedure for pile caps given in the ACI
Building Code (ACI 318-83) is a *‘sectional force’’ ap-
proach similar to that used for two-way slabs. The pro-
cedure is divided into two separate steps: (1) shear de-
sign, which involves calculating the minimum pile-cap
depth so that the concrete contribution to shear resis-
tance is greater than the shear applied on the defined
pseudocritical section; and (2) flexural design, in which
the usual assumptions for reinforced concrete beams
are used to determine the required amount of longitu-
dinal reinforcement.

Strut-and-tie models consider the complete flow of
forces within the structure rather than just the forces at
one particular section. The internal load path in
cracked reinforced concrete is approximated by an
idealized truss [see Fig. 1(b)]. Zones of concrete with
primarily unidirectional compressive stresses are mod-
eled by compression struts, while tension ties are used
to model the principal reinforcement. The areas of
concrete where struts and ties meet, referred to as nodal
zones, are analogous to the joints of a truss (see Fig. 2).
While truss models have been used in reinforced con-
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crete design since the turn of the century, recent work
has refined and improved these models."

A simple design procedure that uses strut-and-tie
models forms part of the new shear design provisions
of CAN3 A23.3-M84, the Canadian concrete code.>®
The procedure is used for regions near statical or geo-
metrical discontinuities where it is inappropriate to as-
sume that shear stresses are uniformly distributed over
the depth of the member. In addition to the usual equi-
librium conditions of strut-and-tie models, the Cana-
dian code requires some consideration of compatibility
conditions.

Many experimental studies have confirmed the suit-
ability of strut-and-tie models for deep beams, e.g.,
References 7 and 8. Unlike deep beams, pile caps are
large blocks of concrete containing little reinforcement.
They usually contain no transverse shear reinforcement
and only small percentages of longitudinal reinforce-
ment. This paper reports the results of six large pile-cap
tests designed to examine the suitability of three-di-
mensional strut-and-tie models for pile-cap design.

PREVIOUS TESTS ON PILE CAPS

Blévot and Frémy® conducted a comprehensive series
of tests on about 100 pile caps, most of which were
half-scale, to investigate the influence of different re-
inforcement arrangements. In the case of four-pile caps
(i.e., pile caps supported on four piles), they found that
spreading out the reinforcement uniformly (as sug-
gested by the ACI Building Code) reduced the failure
load by 20 percent compared to a pile cap with the
same quantity of reinforcement but with all the rein-
forcement concentrated over the piles (as suggested by
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Fig. 1(a)—Pile cap supported on four piles

Fig. 1(b)—Simple three-dimensional truss model for a
Sfour-pile cap
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strut-and-tie models). For three-pile caps, spreading the
reinforcement uniformly across the width caused a 50-
percent reduction in strength.

Clarke™ tested 15 four-pile caps at one-half scale to
study the influence of reinforcing-steel layout and rein-
forcing-bar anchorage. He found that spreading the re-
inforcement out uniformly reduced the failure load by
14 percent. For pile caps with reinforcement concen-
trated over the piles, Clarke observed that the anchor-
age of reinforcing bars was enhanced by the confining
action of the compression struts.

Sabnis and Gogate' recently tested nine four-pile cap
models at one-fifth scale with varying amounts of uni-
formly placed reinforcement. They concluded that the
ACI Building Code requires ‘‘major revisions to prop-
erly reflect the behavior of thick pile caps.”’

PRESENT EXPERIMENTAL STUDY

Details of the six test specimens are given in Fig. 3
and Table 1. Pile Caps A, B, D, and E were all four-
pile caps with identical external dimensions. Pile Cap A
was designed in accordance with the ACI Building
Code (ACI 318-83) for an ultimate column load of
about 2000 kN (450 kips). The calculated reinforce-
ment was not increased to satisfy minimum tempera-
ture and shrinkage reinforcement requirements. Pile
Cap B was designed using a strut-and-tie model for a
column load of 2000 kN (450 kips). Pile Cap D was
constructed with twice as much reinforcement as Pile
Cap B to investigate failure prior to yielding of the re-
inforcement. Pile Cap E was similar to Pile Cap D, ex-
cept it contained distributed reinforcement.

Pile Cap C was supported on six piles and was de-
signed using a strut-and-tie model for a 3000-kN (675-
kip) load. .

Pile Cap F was constructed to test a hypothesis of the
ACI Building Code. It was made identical to Pile Cap

Nodal zone

Compression strut

= V/tan@
D = V/sinf

Fig. 2—Components of the idealized load-resisting
truss
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D except that four ‘‘corner’ pieces of plain concrete
were omitted (see Fig. 3). Because of these missing
pieces of concrete, the ACI Building Code predicts that
Pile Cap F will have a much lower strength than Pile
Cap D. The strut-and-tie model suggests that Pile Caps
D and F will have essentially the same strength.

In designing the pile caps, it was assumed that the
column load would be equally shared among all the
piles, as is the usual assumption in pile-cap design.
However, it is important to recognize that the loads in
the piles are, in fact, statically indeterminate and are
influenced by the relative stiffnesses of the individual
piles. In this study, the stiffnesses of the pseudo-piles
were not uniform.

The pile caps all had an overall depth of 600 mm (24
in.) and were loaded through 300 mm (12 in.) square
cast-in-place reinforced concrete columns. They were
supported by 200 mm (8 in.) diameter precast rein-
forced concrete piles embedded 100 mm (4 in.) into the
underside of the pile caps [Fig. 3(b)].

The concrete used to construct the pile caps was ob-
tained from a ready-mix supplier. A compressive
strength of 20 MPa (2900 psi) was specified. Results
from tests on standard cylinders of the concrete are
given in Table 2. Properties of the reinforcing bars are
given in Table 3.

Table 1 — Summary of reinforcement

Tension Area of Depth to
tie mark steel, centroid,

(see Fig. 3) Reinforcing steel mm? mm
TAl 9-No. 10* at 260 mm 900 440
TA2 15-No. 10 at 100 mm 1500 450
TBI1 4-No. 10at 70 mm 400 340
4-No. 10 at 70 mm 400 390
4-No. 10 at 70 mm 400 440

1200
TB2 6-No. 10 at 45 mm 800 350
8-No. 10 at 45 mm 800 400
8-No. 10 at 45 mm 600 450

2200
TC2 3-No. 10 at 45 mm 300 340
5-No. 10 at 45 mm 500 390
3-No. 10 at 45 mm 300 440

1100
TC3 7-No. 10 at 45 mm 700 350
7-No. 10 at 45 mm 700 400
7-No. 10 at 45 mm 700 450

2100
TD1 4-No. 15t at 70 mm 800 330
4-No. 15 at 70 mm 800 380
4-No. 15 at 70 mm 800 430

2400
TD2 8-No. 15at 45 mm 1600 350
8-No. 15at 45 mm 1600 400
8-No. 15 at 45 mm 1600 450

4800
TE3 9-No. 10 at 210 mm 900 495
TE4 5-No. 10 at 240 mm 500 485
TES 1-No. 10 100 250
1-No. 10 100 325
1-No. 15 200 400
1-No. 15 200 470

*No. 10 is a 11.3 mm diameter bar with a cross-sectional area of 100 mm?2.
No. 15 is a 16.0 mm diameter bar with a cross-sectional area of 200 mm?.
1 mm? = 0.015 in.%; 1 mm = 0.0394 in.
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The total load applied to the pile cap and the load
carried by each pile were measured using load cells.
Vertical and horizontal deflections of the pile caps were
measured with displacement transducers and mechani-
cal dial gages. Electrical-resistance strain gages were in-

(a) Plan Views
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Fig. 3—Test specimens
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stalled at numerous locations along selected reinforcing
bars, and demountable strain gages were used to mea-
sure average strains on some surfaces. To determine
strains within the large volume of plain concrete, as
many as 20 embedment strain gages, with 75 mm (3 in.)
gage lengths, were cast into each specimen.

A universal testing frame was used to apply concen-
tric compressive load onto the columns. Short rein-
forced concrete piles were supported on steel pedestals,
which in turn were supported on rubber pads and non-
stick synthetic-resin-coated sliding bearings (see Fig. 4).
The load on the specimens was increased monotoni-
cally to failure, stopping at approximately 10 deforma-
tion stages to take manual displacement readings and to
photograph crack development. All electronic mea-
surements were automatically recorded during the test
by a computerized data acquistion system.

Fig. 4—Pile Cap E being tested
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Fig. 5—Load-deflection relationships for the six test
specimens (1 kN = 0.225 kips; 1 mm = 0.0394 in.)
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EXPERIMENTAL OBSERVATIONS

The observed load-deflection relationships for the six
specimens are shown in Fig. 5. The pile cap center de-
flection, load distribution among the piles, and rein-
forcing-bar strains, at both cracking load and ultimate
load, are shown in Table 4. In Pile Caps A and B,
which were lightly reinforced, the reinforcing strains
increased very suddenly when the first crack formed.
Both the strains immediately before and immediately
after cracking are shown in the table.

The pile caps typically had very few cracks prior to
failure. One flexural crack usually occurred in each
span between the piles. In the diamond-shaped speci-
mens (Pile Caps A, B, D, and E), the flexural cracks
extended diagonally between the piles (see Fig. 6). Fail-
ure in all pile caps was characterized by the rapid de-
velopment of many new cracks.

Pile Cap A was predicted to fail at a total load of
2138 kN (481 kips) by the design equations of the ACI
Building Code, with flexure being critical. However,
the specimen failed at only 83 percent of this predicted
load, namely 1781 kN (401 kips). Fig. 6 shows the de-
formation pattern at failure. The zones that are shaded
in the figure moved down relative to the unshaded
zones to produce a typical two-way shear failure cone.
The flexural reinforcement yielded prior to failure.

Pile Cap B was similar to Pile Cap A except for the
reinforcement, which was designed according to a strut-
and-tie model for equal pile loads of 500 kN (112.5
kips), e.g., a 2000 kN (450 kip) total load. The major-
ity of the load was initially carried to the two piles
closest to the column. After the tension tie in the short
direction yielded, the load distribution among the piles
began to change. The specimen failed before signifi-
cant redistribution occurred. The pile cap resisted a
maximum load of 2189 kN (492.5 kips). The tension tie
in the long direction did not yield. For the physical ap-
pearance of Pile Cap B after testing, see Fig. 7.

Table 2 — Results of concrete cylinder tests

Tensile strength
from indirect
Cylinder compressive test tension tests, MPa
Strain
Secant Peak at
Pile modulus,* stress, peak Split Double
Cap MPa MPa stress cylinder punch’®
A 19,400 24.8 0.0024 2.9 —
B 19,400 24.8 0.0024 2.9 —
C 26,000 27.1 0.0020 3.7 —
D 28,600 30.3 0.0020 2.2 2.0
E 31,600 41.1 0.0022 2.7 2.5
F 28,600 30.3 0.0020 2.2 2.0
*Secant modulus measured to a stress of 0.4 f.
1 MPa = 145 psi.
Table 3 — Properties of reinforcing steel
Nominal | Yield Yield Ultimate
Bar area, load, stress stress,
designation mm? kN f»,MPa | f/E, MPa
No. 10M 100 47.9 479 0.0024 610
No. I15M 200 97.2 486 0.0024 646

E, (Young’s modulus of steel) = 200,000 MPa.
1 mm? = 0.0015 in.%; 1 kKN = 0.225 kip; 1 MPa = 145 psi.
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Pile Cap C was designed for six equal pile loads of
500 kN (112.5 kips), i.e., a column load of 3000 kN
(675 kips). As in Pile Cap B, the vast majority of the
load was resisted by the two piles closest to the col-
umn, while the four outer piles resisted very little load.
Even though the strain of the tension tie between the
center two piles reached the yield strain, very little de-

Table 4 — Summary of experimental

observations
Pile load Reinforcing
distribution bar strain
Load on [Load on
closest other | Between [Between
Center |two piles,| piles, closest | other
Load,deflection,| kN kN |two piles,| piles,
Pile Cap kN mm (percent) |(percent) mm/m |mm/m
A 1186 0.10 676 510 0.11 0.20
_%_" (57) (43) 1.34* 1.10*
é B 1679| 0.04 1461 218 0.38 0.05
5 (88) (12) 1.43* 0.67*
Z ¢ |1780| o0.15 1615 165 0.11 | 0.05
® [€2)) )
§ D 1122 0.16 823 299 0.06 0.05
2 ) | @n
E E 1228 0.11 910 318 0.01 0.01
g a4 (26)
F 650( 0.18 474 176 0.09 0.20
(73) 27
A 1781 1.59 1247 534 13.0 2.6
(70) (30)
g B [2189] 1.07 1575 614 9.2 1.3
5 (72) | (8
; C 2892 2.06 2303 589 2.4 1.0
2 (80) (20)
2| D [3222] 3.37 2205 1017 1.9 1.3
g (68) (32)
_§ E |4709( 2.50 3243 1466 0.8 0.4
(o] (69) 31)
F 3026 3.21 2059 965 2.2 1.1
(68) (32)

*Strain immediately after cracking.
1 kN = 0.225 kip; 1 mm = 0.0394 in.

formation occurred because of the restraint provided by
the adjoining portions of the pile cap (see Fig. 3). When
the total column load reached 2892 kN (651 kips), a
shear failure occurred. A punching cone extended from
the column’s outside faces to the piles’ inside edges
(Fig. 8). The two piles closest to the column had maxi-
mum individual loads of 1150 kN (259 kips) each.

(a) Reflected View of Bottom and Sides

(b) Top Surface and Sides

Fig. 6—Final deformation pattern of Pile Cap A

Fig. 7—Appearance of Pile Cap B after testing
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Fig. 8—A view of the punching cone in Pile Cap C after part of the specimen was
removed

Reinforcement

Fig. 9(a)—Sequence of relevant crack formations in
Pile Cap F

Fig. 9(b)—Appearance of failure zone in Pile Cap F
after testing
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Pile Caps D and E, which were similar to Pile Cap B
except that they had twice as much reinforcement, both
failed prior to yielding of either tension tie. Once again
the failure surfaces resembled typical punching shear
cones. Pile Cap D failed at a column load of 3222 I'N
(735 kips) with a maximum individual pile load of 1119
kN (252 kips). Pile Cap E failed when the column load
was 2709 kN (1060 kips) and the maximum individual
pile load was 1655 kN (372 kips). Pile Cap E was
stronger than Pile Cap D because of the distributed re-
inforcement in that specimen and also the higher con-
crete strength.

Pile Cap F was similar to Pile Cap D except for the
four ‘‘missing corners’’ of plain concrete. The speci-
men resembled two orthogonal deep beams intersecting
at midspan. Failure occurred when the short beam
failed in shear. The sequence of relevant crack forma-
tions in the shorter span beam is illustrated in Fig. 9(a).
The first cracks to form were flexural cracks at mid-
span, which propagated up the interface of the two
beams labeled 1 in Fig. 9(a). A vertical crack, labeled
2, then appeared directly above the pile. At a pile load
of 949 kN (214 kips), a new diagonal crack suddenly
appeared (Crack 4). Analogous to a web-shear crack,
this diagonal crack formed independently of any previ-
ously existing cracks. With a small increase in load, the
diagonal crack widened considerably. The specimen
failed when the shear in the short beam, i.e., the short-
direction pile load, was 1077 kN (242 kips) and the to-
tal column load was 3026 kN (681 kips). None of the
longitudinal reinforcement yielded. The appearance of
the failure zone can be seen in Fig. 9(b).

More detailed experimental observations are re-
ported in References 12 and 13.

The ACI Building Code suggests that the usual pro-
cedures for flexural design be applied in designing the
longitudinal reinforcement in a pile cap. Fundamental
to these ‘‘beam’’ procedures is the assumption that
plane sections remain plane. To investigate the validity

ACI Structural Journal / January-February 1990
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Fig. 10—Measured vertical strain profiles in long direc-
tion of Pile Cap A at various column loads (1 kN =
0.225 kips)

of this assumption, the variation of horizontal strain
over the depth of the pile caps was measured directly
beneath the column. Both embedment strain gages in
concrete and strain gages on reinforcing bars were used.

The ACI Building Code states that a nonlinear dis-
tribution of strain need not be considered if the overall
depth-to-clear span ratio is less than 0.8 for simply
supported members. Fig. 10 shows the measured strain
profiles in the long direction of Pile Cap A at various
load stages. The overall depth-to-clear span ratio for
this case is about 0.4. However, it can be seen that the
strain distributions are highly nonlinear both prior to
cracking at a load of 1186 kN (267 kips) and after
cracking.

In a member that resists shear by true ‘‘beam ac-
tion,”’ the tension force in the longitudinal reinforce-
ment changes along the beam to balance the applied
bending moment, while the flexural lever arm remains
relatively constant.'* Alternatively, if the tension force
remains constant, the flexural lever arm changes and
the member acts as a tied arch with the shear being re-
sisted by inclined compression, i.e., ‘‘strut action.”” Fig.
11 shows typical examples of longitudinal reinforcing
strain variations measured in the pile caps. While the
sectional bending moment varies linearly from maxi-
mum at midspan to zero at the piles, the tensile force
in the reinforcement varies much less. The measured
tension in the reinforcement had its highest value at
midspan, but the reinforcement over the piles still car-
ried up to 75 percent of this maximum tension. It is
perhaps the main advantage of strut-and-tie models

ACI Structural Journal / January-February 1990
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Fig. 11— Typical examples of longitudinal reinforcing
strain variations measured at various column loads (1
kKN = 0.225 kips)

that they clearly indicate to the designer the need to an-
chor the longitudinal reinforcement so that it can de-
velop this high tension force at the piles.

Another important assumption in the ACI Building
Code ‘‘beam method’’ of pile-cap design is that the full
width of the pile cap uniformly resists the applied
bending moment. To investigate this assumption, lon-
gitudinal strains on the top surfaces of the pile caps
were measured across the widths of the pile caps. The
observed strain profiles for Pile Cap A at a column
load of 1706 kN (384 kips) are shown in Fig. 12. Even
though the flexural reinforcement was yielding and the
pile cap was very close to failure, the compressive
strains on the top surface remained relatively low. Also,
the surface strains were far from uniform, indicating
that the bending moment was resisted mainly by the
central portion of the pile cap, as suggested by the
strut-and-tie model.

To gather more information on the zones of concrete
that resist the load, an array of embedment strain gages
was installed in Pile Cap A and Pile Cap B [see Fig.
13(a)]. Note that the embedment gages measured the
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Fig. 12—Longitudinal strains on top surface of Pile
Cap A at approximate failure, i.e., column load of
1706 kN (384 kips)

(a) Location of Embedment Strain Gauges
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(b) Compressive Strain Contours in Pile Cap A at Failure
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(c) Compressive Strain Contours in Pile Cap B at Failure
Numbers shown are microstrain, ie. x 10

Fig. 13—Contours of compressive strain in zones of
concrete that resist load
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compressive strains in the struts joining the column to
the two more distant piles, but the majority of the load
was traveling to the closer piles. The measured strains
were used to draw the strain contours shown in Fig.
13(b) and 13(c). It is interesting to note that in both pile
caps the compressive strains reached their highest value
at the location where the strut-and-tie model suggests
the center of the compression strut is located.

COMPARISON OF OBSERVED STRENGTHS
WITH ACI BUILDING CODE PREDICTIONS

The requirements for the design of footings, includ-
ing those supported on piles, are given in Chapter 15,
Footings, of ACI 318-83. The procedure is divided into
two separate parts, design for moment and design for
shear.

The ACI Building Code specifies the location of the
critical section for moment in footings. The quantity of
longitudinal reinforcement required at this section is
determined by the usual procedures for reinforced con-
crete members outlined in Chapter 10, Flexure and Ax-
ial Loads. The designer is told to distribute the re-
quired longitudinal reinforcement uniformly across the
footing (except that the short-direction reinforcement
of rectangular footings must be somewhat more con-
centrated near the center of the pile cap).

The shear strength of footings is required to be in
accordance with Section 11.11, Special Provisions for
Slabs and Footings. The shear strength of slabs and
footings is said to be governed by the more severe of
two conditions: beam action, where the footing is con-
sidered to be acting as a wide beam; and two-way ac-
tion, where failure occurs by punching along a trun-
cated cone. In the first case the critical section is a plane
located d from the face of the column, whereas in the
second case the critical surface is at d/2 from the pe-
rimeter of the column. In calculating the shear in a
footing, any pile located inside the critical section is
considered to produce no shear according to Paragraph
15.5.3.

The procedures of the ACI Building Code were used
to predict the failure loads of the test specimens (see
Table 5). Pile Cap A was predicted to fail in flexure,
while all other specimens were predicted to fail in shear.
All specimens, including Pile Cap A, actually failed in
shear.

Pile Cap A, the specimen designed according to the
ACI Building Code, failed in two-way shear at 83 per-
cent of the predicted load. The low strength of this
specimen was due to yielding of the longitudinal rein-
forcement in the short direction that triggered a punch-
ing shear failure.

The predicted two-way shear strength of Pile Cap A
is 2366 kN (528 kips), 29 percent greater than the pre-
dicted two-way shear strength of Pile Cap B. The dif-
ference is large because the predictions are very sensi-
tive to the effective depth d. Pile Cap A had one layer
of longitudinal reinforcement, while Pile Cap B had
three layers, resulting in a smaller effective depth to the
centroid of the reinforcement. The experimental results
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Table 5 — Comparison of ACI predictions and
experimentally observed failure loads

ACI predicted
Concrete failure loads, Experimental
strength kN load, Exp.
Pile Cap | f., MPa | Flexure | Shear kN Pred.
A 24.8 2138 2366 1781 0.83
B 24.8 2778 1833 2189 1.19
C 27.1 4086 1898 2892 1.52
D 30.3 5645 1966 3222 1.64
E 41.1 7404 2451 4709 1.92
F 30.3 5187 1204 3026 2.51
Mean = 1.60
Coefficient of variation = 36.4%

1 MPa = 145 psi; 1 kN = 0.225 kip.

were actually opposite to those that had been pre-
dicted: Pile Cap B was in reality 23 percent stronger
than Pile Cap A.

The strong influence of amount of longitudinal rein-
forcement can be seen if Pile Cap B is compared with
Pile Cap D. The ACI Building Code predicts that Pile
Cap D should only be 7 percent stronger than Pile Cap
B because of its higher concrete strength. Pile Cap D,
which contained twice as much longitudinal reinforce-
ment, was in fact 47 percent stronger than Pile Cap B.
The ACI Building Code expressions for two-way shear
strength are independent of the amount of longitudinal
reinforcement.

Pile Caps D and F were identical except that four
‘“‘corner’’ pieces of plain concrete were omitted in Pile
Cap F. Because of these missing pieces of concrete, the
ACI Building Code expressions predict that Pile Cap D
will be 63 percent stronger than Pile Cap F. This great
difference in predicted strength results from the fact
that Pile Cap D is predicted to fail in two-way shear,
while Pile Cap F is predicted to fail in one-way shear
(see Fig. 14). The strut-and-tie model suggests that
concentrated zones of concrete (compression struts)
transmit the load and that failure occurs when the stress
in a compression strut reaches some critical value. The
strut-and-tie model predicts little difference between the
strengths of Pile Caps D and F, which had identical
concrete strengths. The failure loads of the two speci-
mens actually differed by less than 7 percent.

FAILURE OF COMPRESSION STRUTS

If a tension tie crosses a compression strut, the re-
quired tensile straining can reduce the capacity of the
concrete to resist compressive stress.'s In pile caps, ten-
sion ties cross compression struts in the vicinity of the
nodal zones just above the piles. For four of the pile
caps tested, the average biaxial strains of these critical
regions were measured using two embedment strain
gages in the concrete and one strain gage on a reinforc-
ing bar at each location. See Fig. 15. The measured
biaxial strains are presented in Table 6 in terms of
principal strains. For Pile Cap C, the strains are shown
at increasing load levels from before cracking up to
failure. Also, for the three other specimens, the strains
at failure are presented. In none of the pile caps did the
principal compressive strain reach very high values.
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Further, the principal tensile strains remained relatively
small. These strain values indicate the compression
struts did not fail by crushing of the concrete.

The strut-and-tie model shown in Fig. 2 is a very
simple idealization of force flow. More refined strut-
and-tie models can be developed by considering the
flow of elastic stresses.' Since pile caps remain virtually
uncracked until failure, the linear elastic stress distri-
butions are especially relevant. Fig. 16(a) shows the
biaxial stress trajectories determined from a linear elas-
tic finite element study. Note that between the points of
load application, the compressive stresses spread out,
producing transverse tensile stresses. A refined truss
model, which includes a concrete tension tie to resist
the transverse tension, is shown in Fig. 16(b). It is be-
lieved that failure of this concrete tension tie was the
critical mechanism involved in the shear failures of the
pile caps tested.
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Table 6 — Average biaxial strains at
intersections of compression struts and tension
ties

Pile Load, €, €, 02:
Cap kN x 10-? x 10-? deg*
C 1007 0.07 -0.05 57.5
1513 0.11 —-0.08 58.0
2006 0.16 -0.11 58.8
2312 0.21 -0.14 59.8
2591 0.66 -0.30 60.9
2607 1.20 -0.40 62.9
2752 1.78 -0.52 63.8
2891 2.66 -0.69 64.6
D 3222 2.33 -1.20 57.3
E 4709 0.66 —-0.28 64.7
F 3026 1.97 -0.89 57.6
*9, is measured from horizontal.
1 kN = 0.225 kip.
pa 1

|

Hitdd
=

Fig. 16(a)—Linear elastic stress trajectories showing
transverse tensioning due to spreading of compression
in Pile Cap F

Fig. 16(b)—Refined truss model that includes a con-
crete tension tie to resist transverse tension

Rather than employing a refined strut-and-tie model,
the simple truss model combined with an appropriate
failure criterion for the compression strut can be used.'
Fig. 17 summarizes a series of simple tests conducted by
the authors to demonstrate the influence of transverse
tension on the failure of compression struts. Seven
plain concrete specimens with constant height and
thickness but with varying widths were loaded in un-
iaxial compression, using the same size loading plate in
all cases. In all but the most narrow specimen, the
compression spread out, causing transverse tension,
which split the specimens. The measured cracking
loads, expressed in terms of the bearing stress, are
compared with an elastic finite element prediction. In
making this prediction, cracking was assumed to occur
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Fig. 17—Simple tests to demonstrate the influence of
transverse tension

when the maximum tensile stress reached 3.3 MPa
(1579 psi).

For these plane-stress specimens, the minimum bear-
ing stress at cracking was approximately 0.5f, but in a
pile cap the compressive stresses spread in two direc-
tions, reducing the transverse tension in any one direc-
tion. Chen'® conducted a series of tests on variously
sized concrete cylinders loaded in uniaxial compression
through small round loading disks (double-punch test).
In these tests the concrete cracked at a minimum bear-
ing stress of 1.5f.

In the author’s plane stress tests, the concrete con-
tinued to carry load after cracking (see Fig. 17), while
in Chen’s double-punch tests, failure was always coin-
cident with cracking. In pile caps, the absence of rein-
forcement to control diagonal cracking allows the
cracks that occur due to splitting of the struts to prop-
agate quickly through the specimen. Depending on the
geometry of the pile cap, the final kinematically feasi-
ble failure mechanism resembles either a one-way or
two-way shear failure.

It has been suggested' that if the maximum bearing
stress is less than some critical value, a splitting strut
failure will be prevented. Examining the maximum
bearing stress in those pile caps that had strut failures,
it appears a limit on the maximum bearing stress of
about 1.0f] is reasonably conservative for pile caps (see
Table 7). Note that if the pile cap capacities are pre-
dicted using the simple maximum bearing stress rule,
the coefficients of variation are 10.9 and 4.8 percent for
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the pile and column bearing stresses, respectively. For
the same pile caps, the ACI 318 predictions of shear
strength give a coefficient of variation of 23 percent.

COMPARISON WITH CANADIAN
CONCRETE CODE

The Canadian concrete code’® shear-design rules,
which make use of strut-and-tie models, were intended
for plane structures such as corbels or deep beams;
however, they are general enough that they can be ap-
plied to pile caps. The Canadian code requires that the
concrete compressive stress in nodal zones of strut-and-
tie models does not exceed 0.85f; in nodal zones
bounded by compressive struts, 0.75f; in nodal zones
anchoring only one tension tie, and 0.60f; in nodal
zones anchoring more than one tie. The Canadian code
also requires that the necessary tension-tie reinforce-
ment be effectively anchored to transfer the required
tension to the nodal zones. Finally, the concrete com-
pressive stress in struts must not exceed the crushing
strength of the cracked concrete determined by consid-
ering the strain conditions in the vicinity of the strut.
Further details can be found in Reference 6.

Table 8 compares the Canadian code’s predicted
strengths of the test specimens with the experimentally
observed failure loads. For Pile Cap A, failure is pre-
dicted to occur when the longitudinal reinforcement
yields. For all other pile caps, the limitation that the
column bearing stress must not be greater than 0.85 f
is critical.

The limitation on concrete compressive stress in the
struts was not critical for the pile caps tested. How-
ever, the strength of shallower pile caps with flatter
compression struts may be limited by the compression
in the struts, since the strength of a strut tends to zero
as the angle between strut-and-tie tends to zero. If a
pile cap has very flat compression struts, then the in-
ternal force flow will be relatively uniform and a sec-
tional force approach would be appropriate. Such a
sectional force approach would assume the shear
strength of a pile cap is proportional to the depth of
concrete. For slender pile caps supported on numerous
piles, the Canadian code allows designers to use a sec-
tional force procedure similar to the ACI procedure.

PILE LOAD DISTRIBUTION

Designers of pile caps usually assume a uniform dis-
tribution of load among piles. But studies'” have shown
that the load applied to a ‘‘rigidly’’ capped free-stand-
ing pile group is usually not uniformly distributed; in
fact, the difference in load between two adjacent piles
may be more than 100 percent. Assuming the pile loads
are all equal implies that a pile cap has considerable
flexibility. The results from this study indicate that this
is not the case.

Prior to first cracking, the statically indeterminate
test specimens were, within the precision of displace-
ment measurements, perfectly rigid. The initial pile load
distributions were proportional to the stiffnesses of the
pseudo-piles. Very little cracking was observed in the
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Table 7 — Maximum bearin? stresses as a
function of the concrete cylinder strengths

JM ml Ratio of Ratio of
ConcretefMaximum/Maximum| pile bearing |column bearing
strength| pile column stress to stress to
Pile 7, load, load, concrete concrete
Cap| MPa kN kN strength strength
C| 27.1 1270 2892 1.49 1.19
D | 303 1119 3222 1.18 1.18
E | 41.1 1655 4709 1.28 1.27
F| 303 1077 3026 1.13 1.11
Mean = 1.27 | Mean = 1.19
COV* = 10.9%| COV* = 4.8%

*COV = coefficient of variation.
1 MPa = 145 psi; 1 kN = 0.225 kip.

Table 8 — Comparison of Canadian concrete
code predictions and experimentally observed
failure loads

Concrete Predicted Experimental E
Pile strength load, load, EXP-
Cap Jf» MPa kN kN Pred.
A 24.8 1735 1781 1.03
B 24.8 1897 2189 1.15
C 27.1 2073 2892 1.40
D 30.3 2318 3222 1.39
E 41.1 3144 4709 1.50
F 30.3 2318 3026 1.31
Mean = 1.30
COV = 13.5%

1 MPa = 145 psi; 1 kKN = 0.225 kip.

pile caps until after failure; as a result, there was little
redistribution of the pile loads. Pile Caps A, B, and C,
in which the reinforcement yielded, had on average
about 13 percent redistribution of load between the
short-direction and long-direction piles. The more
heavily reinforced Pile Caps D, E, and F had only 5
percent redistribution from the short to long direction
(see Table 4). In all specimens, the pile-load distribu-
tion at failure was far from uniform.

Before an indeterminate structure can be properly
designed (using either strut-and-tie models or the ACI
approach), the support reactions have to be determined
by an analysis that reflects the behavior of the actual
structure. For deep pile caps without shear reinforce-
ment, an analysis that assumes the pile cap remains
perfectly rigid is appropriate. The small amount of re-
distribution that may occur should be neglected.

CONCLUDING REMARKS

Fig. 18 compares the experimentally observed failure
loads of four test specimens with predictions from the
ACI Building Code and the Canadian code strut-and-tie
model approaches. It can be seen that the ACI Build-
ing Code fails to capture the trend of the experimental
results. This is because the ACI Building Code predic-
tions exaggerate the importance of the effective depth
d, neglect the influence of the horizontal distribution of
longitudinal reinforcement, and most importantly, ne-
glect the influence of amount of longitudinal reinforce-
ment. The ACI Building Code also incorrectly predicts
that the missing ‘‘corner’’ pieces of plain concrete in
Pile Cap F will greatly reduce the strength of this spec-

91



3500

\.

Experimentally observed

30001—

2500

——————————— o
/ Canadian concrete code
z e 4
\
22000 ¥ /o
=} A —4 e,
< 28 - N
S &7
z N
= N
2 N
o 1500 B D . ACI code
o \,

\_—_(_4 \\
N,
N,

1000~ T

] | | | | |
0.5 1.0 1.5

PROPORTION OF REINFORCEMENT BY VOLUME (%)

Fig. 18—Comparison of code predictions and experi-
mentally observed failure loads for Pile Caps A, B, D,
and E (1 kN = 0.225 kips)

imen, which is otherwise identical to Pile Cap D. The
Canadian code, though conservative, reflects more ac-
curately the trend of the experimental results.

The experimental observations have shown that, al-
though ACI 318 treats pile caps similarly to two-way
slabs, the behavior of deep pile caps is actually very

“different. Unlike lightly reinforced two-way slabs,
which are very ductile because of flexural deforma-
tions, deep pile caps deform very little prior to failure.
As a result, pile caps do not have the necessary flexibil-
ity to insure uniformity of pile loads at failure. Pile
caps also do not behave as wide beams. Only a concen-
trated zone of concrete above the piles resists signifi-
cant load. Further, plane sections do not remain plane
in pile caps. Strut action, not beam action, is the pre-
dominant mechanism of shear resistance in pile caps.

Strut-and-tie truss models more accurately represent
the behavior of deep pile caps. For example, strut-and-
tie models correctly suggest that the load at which a
lightly reinforced pile cap fails in two-way shear de-
pends on the quantity of longitudinal reinforcement.

Compression struts in deep pile caps do not fail by
crushing of the concrete. Failure occurs after a
compression strut splits longitudinally due to the trans-
verse tension caused by spreading of the compressive
stresses. The maximum bearing stress is a good indica-
tor of the likelihood of a strut splitting failure. For the
pile caps tested, the maximum bearing stress at failure
had a lower limit of about 1.1f]. To prevent shear fail-
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ures, the maximum bearing stress on deep pile caps
should be limited to about 1.0f .

The shear strength of slender pile caps is propor-
tional to the thickness of concrete. But the ‘‘shear
strength’’ of deep pile caps with steep compression
struts is better enhanced by increasing the bearing area
of the concentrated loads rather than further increasing
the depth of the pile cap.
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