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Code Requirements for Structural Concrete” (ACI 318)
in 2002, although its origins date to the end of the
nineteenth century.! The ACI 318-02 version of the strut-and-
tie method is largely based on a 1987 report by Schlaich et al.?
that describes procedures for designing structural elements
using a system of struts and ties connected at nodes. The
method is primarily intended for regions of the structure
where the stress flow is influenced by concentrated loads,
corners, openings, or other discontinuities. Such regions are
referred to as discontinuity regions or D-regions. Strain
distribution in D-regions is highly nonlinear, and the
assumption of plane sections remaining plane does not apply.
The strut-and-tie method is especially useful in D-regions
because it allows for designing and detailing of the concrete
section and reinforcement in accordance with a clearly
visualized force field that is in static equilibrium, rather than
relying on past practices or restrictive empirical guidelines.
However, as will be explained in this article, there are
several concerns and inconsistencies in the current Code
(ACI 318-14%) related to shear strength in D-regions:
® Except for members qualifying as deep beams, minimum
distributed reinforcement is not required in a D-region
designed by the strut-and-tie method;
® Interior struts (struts not located along a boundary of a
D-region) are not weaker than boundary struts because
they are “bottle-shaped”; rather, the apparent weakness
arises because interior struts cross a diagonal tension field;
® The strut efficiency factor B, for interior struts is
unconservative because D-regions can fail in shear, which
is not considered in the strut-and-tie method;
® According to the Code Commentary, the shear stress in
deep beams is limited to control cracking. The limiting
stress is 10ACV\/70' , where /! is the specified compressive
strength of the concrete in psi (+/psi units are used herein;
1/psi = 0.083+MPa ). This limit does not apply to

T he strut-and-tie method was introduced into “Building
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members or D-regions that do not “qualify” as deep beams,

which is inconsistent at best. Furthermore, this limit is

unnecessarily restrictive for D-regions with steeply
inclined interior struts;

e Size effect A, is not considered; and

® The lightweight concrete factor A is used as a multiplier on

f! rather than on \/76' , as it is elsewhere in the Code.

This article describes the rationale for Code changes that
will be in ACI 318-19 (scheduled for publication in June
2019) that address these concerns and inconsistencies while
maintaining the essential characteristics of design according
to the strut-and-tie method. The Code changes relate to the
strength of struts and requirements for minimum distributed
reinforcement. The changes are based on review of relevant
literature, analysis of published test data, and an experimental
program designed to evaluate the influence of diagonal
tension on the strength of struts.

Strength of Struts

ACI 318-14 defines a bottle-shaped strut as a strut that is
wider at mid-length than at its ends. The Code also specifies a
strut efficiency factor B, of 0.6 for unreinforced bottle-shaped
struts and 3, = 0.75 for reinforced bottle-shaped struts. However,
research and testing by Laughery and Pujol* shows that bottle-
shaped struts are no weaker than prismatic struts. Referring to
Fig. 1, prismatic (a) and two-dimensional (2-D) bottle-shaped
struts (b) exhibited approximately equal strength, both
averaging about 0.85 £, which is equivalent to a 3, of 1.0.
Prismatic and 2-D bottle-shaped struts were less than half as
strong as three-dimensional (3-D) bottle-shaped struts (Fig. 1(c)).

In an element like that shown in Fig. 1(b), stresses spread
laterally between the concentrated load or reaction areas and
mid-length of the strut without the presence of a diagonal
tension field. However, in deep beams and other D-regions,
the stress flow is much more complex. As illustrated in Fig. 2,



struts between the load and reaction in a deep beam cross
through a field of diagonal tension. For the model shown in
Fig. 2, the strut is inclined at about 55 degrees and the
diagonal tensile stress at mid-depth is 66% of that calculated
assuming plane sections remain plane. For the same shear
force, diagonal tensile stress at mid-depth decreases as the
strut angle increases. When the strut is vertical, like the
element shown in Fig. 1(b), the bursting stress at mid-height
due to bottle-shaped behavior is much smaller than the
diagonal tensile stress across inclined struts.

These observations indicate that the strength of deep beams
and other D-regions is limited by diagonal tension rather than
splitting due to bottle-shaped stress flow. For this reason,
ACI 318-19 will not use the term bottle-shaped struts. Struts
that extend diagonally through the interior of D-regions will
be defined as interior struts. Struts that carry compressive
force along a boundary of a D-region will be defined as
boundary struts.

Reineck and Todisco® evaluated the strut strength
coefficients 3, in ACI 318-14 relative to test data in the
ACI-DAfStb Database® for members without transverse
reinforcement. The database variables include shear span a,,
specimen width b, and distance d from the extreme
compression fiber to centroid of longitudinal tension
reinforcement. Measured shear strength V.., was compared
to the shear strength calculated in accordance with the
strut-and-tie method in ACI 318-14, V.... Several test values
were much less than predicted by ACI 318-14 methods
throughout the full range of a,/d considered. Based on these
findings, Reineck and Todisco’
recommended that 3, be reduced from 3.0
0.6 t0 0.42.

The findings are shown in Fig. 3 as a
plot of Viex/Veae versus f7. In this plot, the 25
calculated shear strength was based on

Reineck and Todisco Alternative 3, in
2.0

which the depth of the compression zone ¢ . [
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Fig. 1: lllustrations of: (a) rectangular prismatic strut; (b) 2-D
rectangular bottle-shaped strut; and (c) 3-D rectangular bottle-
shaped strut (after Laughery and Pujol?*)

!

Fig. 2: Example of stress flow in a deep beam. Blue lines in the inset
indicate tension orientation
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was calculated for the load at shear failure.’
The trendline indicates that Vieg/Veae
decreases with increasing f.. For the higher
concrete strengths, the trendline closely
follows 1004/ 1/ f (the solid gray line),
which is the expected trendline for failures
that are proportional to \/70' rather than f/'.
This observation strongly indicates that
most failures in the joint ACI-DAfStb
Database® are due to diagonal tension
(which varies with \/70, ) rather than
splitting due to strut compression. This
finding is consistent with the failure
descriptions in the database and research
papers from which the database was
developed.
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Fig. 3: Vies/Veac versus [ (Note: Vi in accordance with the strut-and-tie method in ACI

318-14; p = longitudinal reinforcement ratio, %)
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Table 1:
Specimen details and test results

Specimen Dimensions, in. (mm) Failure
7, ksi load, kip
Name Height Length Thickness (MPa) (kN)
Re-30-Ex Rect. 31.3 (795) 96 (2438) 12 (305) 30 7.44 (51.3) 380 (1960) 0.43
1.51
Tr-30-Ex Truss 31.3 (795) 96 (2438) 12 (305) 30 7.37 (50.8) | 575 (2558) 0.66
Re-45-Ex Rect. 48 (1219) 96 (2438) 12 (305) 45 5.63(38.8) | 557 (2478) 0.58
1.29
Tr-45-Ex Truss 48 (1219) 96 (2438) 12 (305) 45 5.63(38.8) | 717 (3189) 0.74
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Fig. 4: Schematic of test setup and specimen with supports (truss-like
specimen shown)

An experimental study was conducted at Florida
International University to investigate the behavior of struts in
deep beams without distributed reinforcement. The full
experimental study involved the testing of 10 full-scale
specimens as described in a companion paper’; the results
from four of these specimens are discussed herein (refer to
Table 1).

Two pairs of rectangular and truss-like specimens were
tested using the setup shown in Fig. 4. The first pair consisted
of a rectangular specimen and a truss-like specimen with
identical overall dimensions and similar concrete compressive
strengths. The height of the specimens was selected such that
the strut angle was 30 degrees from horizontal. The height of
the second pair was increased such that the strut angle was
45 degrees, and the concrete compressive strength somewhat
lower than that of the first pair.

The shape of the truss-like specimens (Fig. 4) precluded
development of diagonal tension across the strut. Comparison
of the truss-like specimens to their rectangular counterparts
allows for evaluation of the effect of diagonal tension on
strut strength.

The specimens were tested to failure. The rectangular
specimens failed in diagonal tension, while the truss-like
specimens failed primarily by crushing of the concrete. All
specimens failed suddenly and violently. The cracking pattern
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Fig. 5: Failure crack pattern and image of instant of failure for
specimen Re-45-Ex

for specimen Re-45-Ex is shown in Fig. 5. The instant of
failure captured from slow-motion video is shown in the inset
image. The primary failure crack (red line) appears to initiate
at the curved green arrow. Additional secondary cracks
developed due to restraint at the load and reaction areas as
the upper corner of the specimen rotated away about the
support, as indicated by the green arrow. The estimated
pattern of secondary cracks is illustrated in gray lines in

Fig. 5. The other rectangular beam specimen, Re-30-Ex,
failed in a similar fashion.

The truss-like specimens failed primarily by crushing of
the concrete just below the load area. As load was applied, the
struts shortened, and the reaction points separated, adding
bending stress to the strut compressive stress. Therefore, the
strut strength factors f3, for the truss-like specimens were
about 0.75.

The truss-like specimens with 30- and 45-degree strut
angles were about 50 and 30% stronger than their
rectangular counterparts, respectively. As discussed by
Van den Hoogen,® Beeby observed a comparable difference
between a rectangular specimen and a similar specimen that
included a triangular cutout at the bottom of the specimen.
Considering the previously discussed Laughery and Pujol
findings,* the reduced strength of rectangular specimens
appears to be due to diagonal tension rather than a bottle-
shaped stress field.



Shear Strength of D-Regions

The research described previously indicates D-regions
usually fail in shear before the strut crushes. This section
explores the factors that influence shear strength of D-regions.

Consider the full-story transfer girder illustrated in Fig. 6
and the shear stresses along line a-a. Such a girder might be
used at an offset in the column grid. The shear force is carried
by a direct strut between the bottom of the top column and top
of the bottom column. In taller buildings, shear stresses can
substantially exceed the 10\/7(,' limit in ACI 318-14.

Zsutty’ reported on the inverse relationship between shear
strength and a,/d. He recommended a multiplier of 2.5/(a./d)
to account for the effect of shear span. This expression times
2\/7 b, d gives the following expression for shear strength of

cw

D-regions
5(f/b.d

V. :\/7— (1)
(a,/d)

ACI 318-19 will consider shear force based on strut angle
0, where tan 0 is substituted for 1/(a./d) in Eq. (1) to give the
following equation

V, <05tan8,/f’b,d (1a)

Figure 7 is a plot of shear stress at failure versus a,/d. The
data are from the joint ACI-DAfStb Database® for members
without transverse reinforcement and a,/d of 2.0 or less. At
very low a,/d, the shear strength substantially exceeds the
shear stress limit of 10\/76' specified in the Code. The
shallowest allowable strut angle of 25 degrees corresponds to
an a,/d of about 2 and a shear stress
limit of 2.5,/f/ . The gray line shows
the shear stress given by Eq. (1) 30
expressed in terms of \/7(' . All data
points are near or above the line,

indicating that Eq. (1) provides a 25
conservative lower bound to the shear :
strength of D-regions in the joint @
ACI-DAfStb Database,’ even if strut 20

compression is controlled. As would be
expected, the lower values correspond
to members with low ratios of 15
longitudinal reinforcement.

v.,\Jpsi

10
Equation (1) does not include
reductions in shear strength due to size S
effect or reduced mechanical properties
of lightweight concrete, although both
factors would be expected to reduce 0 0.0

shear strength as governed by diagonal
tension. However, these factors are
not especially important for the

comparison shown in Fig. 7, because the joint ACI-DAfStb
Database® primarily includes relatively small specimens
fabricated with normalweight concrete.

For more than 30 years, researchers have recognized that
size effect can significantly reduce the shear strength of deep
members without transverse reinforcement, such as footings
and thick one-way slabs.!® ACI 318-19 sectional design
equations for both one-way and two-way shear strength will
include a size effect factor'' A

A, = /#31.0
1+d /10

where d is in in. (the SI equivalent is /2/(14+d / 254) , where

d is in mm).

Fig. 6: Transfer girder at an offset in the column grid
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Fig. 7: Shear stress v, versus ratio of shear span to effective depth, a,/d (Note: v. = V,../bd)
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Also, because the basis of the proposed design equation is
diagonal tension, the lightweight concrete factor A should be
considered to account for the lower tensile-compressive
strength ratio of lightweight concrete compared with
normalweight concrete.

Including size effect and the reduced tensile-
compressive strength properties of lightweight concrete,
Eq. (1a) becomes

V. = 05\, tan 0/ f7b,d @

The strut-and-tie method is derived from the lower-bound
theorem of plasticity. Distributed reinforcement in
discontinuity regions helps redistribute internal forces, which
is especially important where the assumed strut-and-tie model
is not entirely consistent with the flow of internal stresses. In
addition to allowing force redistribution, distributed
reinforcement controls cracking at service loads and promotes
ductile behavior. Analysis of the joint ACI-DAfStb Database®
for members with a distributed reinforcement ratio of at least
0.25% indicates the current 3, value of 0.75 is safe such that
an independent check of shear strength of the section is not
required. However, we recommend verifying diagonal tension
strength using Eq. (2) in regions where struts connect to
hanger reinforcement, such as the nibs of dapped-end
connections, even if distributed reinforcement is provided.
Testing sponsored by PCI'? indicates such regions are
vulnerable to diagonal tension failure due to tensile stress
induced by the hanger reinforcement, despite distributed
horizontal reinforcement.

Code Changes for ACI 318-19
Based on these findings, several changes to the ACI Code

were approved by ACI Committee 318:

e Struts that extend diagonally through the interior of D-regions
will be defined as interior struts rather than bottle-shaped
struts. Struts that carry compressive force along a boundary
of a D-region will be defined as boundary struts;

® Distributed reinforcement will be required in all
discontinuity regions unless the strut is laterally confined.
The minimum effective reinforcement ratio is 0.25%. The
lateral confinement exception applies to members like pile
caps and continuous beam ledges, where distributed
reinforcement is unnecessary and impractical. If distributed
reinforcement is provided, the strut efficiency factor 3, may
be taken as 0.75;

® For members without transverse reinforcement, an
independent check of shear stress in accordance with Eq. (2)
will be required unless B, is taken as 0.4. Equation (2)
accounts for both size effect and the reduced mechanical
properties of lightweight concrete. If Eq. (2) is satisfied, 3,
may be taken as 0.75; and

® In accordance with Eq. (2), shear stress exceeding the
current Code limit of 10,/ will be permitted for steeply
inclined struts between load and reaction areas.
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These updated provisions resolve the concerns and
inconsistencies listed in the introduction. Additionally, the
changes should lead to more economical design of deep
footings and thick slabs because the beneficial effect of steep
strut angles counteracts the size effect.
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