strut-and-Tie
Models for

What happened to the simplicity of the truss analogy?

BY GUSTAVO J. PARRA-MONTESINOS

Truss models have long been used as tools for the
analysis and design of reinforced concrete members.
Late in the nineteenth century, Hennebique had already
envisioned the use of truss models for the calculation of
forces in stirrups.! Using a truss analogy, a beam containing
vertical stirrups is modeled by chords representing the
flexural compression and tension regions of the beam,
vertical web members representing the stirrups, and
inclined web members representing the web concrete
(Fig. 1).

Lower shear strengths predicted using the truss
analogy compared to test results led researchers to
attribute an additional shear resistance to the concrete,*?
generally as a function of the concrete compressive
strength . This led to the general format adopted by ACI
318-08* for determining the nominal shear strength V, of a
reinforced concrete beam with web reinforcement

V. =VA+V, eY)

where V_has been traditionally referred to as the concrete
shear strength, intended to lump contributions from the
compression zone, aggregate interlock, and dowel action,
and V, is the shear strength contribution from the web
reinforcement. In reality, however, these two resistances
are interrelated and not independent, as implied by

Eq. (1). In ACI 318-08, the calculation of 7, is based on an
assumed projection of the diagonal crack on the longitu-
dinal reinforcement plane equal to the beam effective
depth d. The same result is obtained using the 45-degree
truss analogy envisioned by Mérsch.®

In the past 20 years, the use of the truss analogy to
analyze and design regions of members, particularly
those in which the assumption of plane sections
remaining plane after loading is clearly inadequate,
has been the subject of considerable research.5° In
these works, limit analysis is used to evaluate the
strength of the compression strut and tension tie
members of the truss, as well as the nodes connecting
them. These truss models are thus typically referred to
as strut-and-tie models.

Although truss or strut-and-tie models have long
served as the basis of shear design methods for beams
with web reinforcement, design standards such as the
AASHTO LRFD Bridge Design Specifications,!' CSA
Standard A23.3-04,'> and ACI 318-08 have incorporated
formal provisions for the use of strut-and-tie models.

- An extended design example is included
with the electronic version of this article at
wwuw.concreteinternational.com.

Concrete / DECEMBER 2008



Fig. 1: lllustration of the truss analogy applied to a reinforced
concrete beam: (a) beam reinforcement; (b) a refined truss
model with one vertical tie member per stirrup; and (c) a simplified
truss model

Because these provisions typically include rules for
estimating the size and strength of all the components
(struts, ties, and nodes) in truss models, design using the
strut-and-tie approach is often tedious and time-consuming.
This effectively compromises one of the pillars of the
truss analogy: simplicity.

In my opinion, simplification of the strut-and-tie
method is needed before it can be widely implemented as
a tool for design. Toward this end, I will attempt to show
that, in many cases, design of deep beams using the strut-
and-tie method can be substantially simplified using
simple rules that have passed the test of time.

TRUSS ANALOGY IN THE CODE

Figure 1(a) shows a simply supported beam with a
concentrated force at midspan and vertical stirrups
spaced at a distance s. Using the 45-degree truss analogy
proposed by Morsch® (o = 45 degrees in Fig. 1(b) and 1(¢)),
the force in each stirrup F, can be calculated as

s

F, = j—dV 2
where Vis the applied shear and jd is the depth of the
truss. The maximum force in each stirrup is governed by
either the strength of the stirrup itself (typically assumed
to be reached at yielding of the steel), or by the strength
of the diagonal members representing the concrete web.
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In terms of an average shear stress v = V/(bjd), where b is the
beam web width, these two limit states can be expressed as

E,

<2 (3a)
v= sb
V < Umax (3b)

F,, is the strength of the stirrup legs at yield and v, is the
shear stress corresponding to failure of the diagonal
concrete (web) members.

In ACI 318-08, the shear force 7 'in Eq. (2) corresponding
to the maximum force in the stirrups is equivalent to V,,
assuming jd ~ d. It’s interesting to note that this strut-
and-tie model on which 7, is based does not include
checks for the capacity of struts and nodes, as required
in Appendix A of ACI 318-08. Instead, failure of the web
concrete is prevented by limiting either the average shear
stress resisted by the web reinforcement, v, or the total
shear stress to a value that is a function of the concrete
compressive strength. For slender beams, ACI requires
v, <0.66Vf” in MPa (8V/” in psi), while for deep beams the
total shear stress is limited to 0.83V/” in MPa (10V/” in psi).
The AASHTO LRFD Bridge Design Specifications!! and
Canadian Standards!? follow a similar philosophy, but the
total shear stress is limited to 0.25/”, which is a substantially
higher shear stress limit compared with that in ACI 318-08.

The ACI shear stress limits are largely based on a
report by Joint ACI-ASCE Committee 326'% indicating that
0.667/” in MPa (8Vf” in psi) represented a safe limit for the
total shear stress in rectangular beams to prevent shear-
compression failures (that is, crushing of the concrete at
the tip of the critical diagonal crack) prior to yielding of
the web reinforcement. A limit of 0.83Vf” in MPa (10Vf” in
psi) was found to be adequate for T-beams with vertical
stirrups. These limits were primarily based on test
results from deep beams that, in ACI 318-08, are required
to be designed using the strut-and-tie method. This limit
was also found to be conservative for preventing web-
crushing failures.!*

PROPOSED SIMPLIFICATION

Determining the geometry and nominal strength of struts
and nodes in strut-and-tie models is a time-consuming
task that is often not justified, particularly when designing
normal-strength concrete beams with 1" < 41 MPa
(6000 psi) containing at least minimum web reinforcement.
Considering that the use of a shear stress limit to prevent
shear-compression (prior to stirrup yielding) and web-
crushing failures in either slender or deep beams has
been accepted practice for decades, it’s odd that designers
are required to check the strength of idealized struts and
nodes in beams subjected to shear stresses lower than
0.667/” in MPa (8Vf’ in psi). In my opinion, the check for
stresses in struts and nodes in the beam design should



only be required when shear stresses are above these
proven, safe limits; in other words, when designers want
to use a higher strength for design.

By eliminating the calculation of stresses in struts and
nodal zones, the design of deep beams will become
substantially simpler while we preserve the principal
function of the truss analogy: to allow determination of
tension forces in reinforcement.

SHEAR STRESS LIMIT FOR DEEP BEAMS

Besides the evidence provided in the Joint ACI-ASCE
Committee 326 report!'® with regard to maximum shear
stress limits to prevent shear-compression failures, a
database of deep beam tests!® is used to support a shear
stress limit of 0.66V7” in MPa (8V/” in psi) above which
strength checks for struts and ties are not necessary.
Only normal- strength concrete beams with f'<41 MPa
(6000 psi) are considered because of experimental
evidence that indicates higher web reinforcement ratios
are required for high-strength concrete deep beams.!¢
Except for a few, the beams reported in the database
contained web reinforcement satisfying the minimum
percentage specified for normal-strength concrete in
Appendix A of the 2008 ACI Code as follows

A .
Zb—;sinyiz 0.003 %)

where 4, is the area of reinforcement at a spacing s,
for reinforcement layer i oriented at an angle y, with the
strut axis.

Figure 2 shows a plot of normalized maximum shear
stress versus shear span-to-effective depth ratio a/d for
the beams in the database with < 41 MPa (6000 psi). As
expected, the general trend is a decrease in shear
strength with an increase in a/d. For a/d below 1.75,
however, experimental shear strengths were greater than
or approximately equal to the upper shear stress limit of
0.667/” in MPa (8Vf in psi). For most practical cases, an
ald of 1.75 would correspond to an angle between the
diagonal compression strut and the main tie (a in Fig. 3(a))
near the minimum of 25 degrees specified in Appendix A.
It’s worth mentioning that the test results used for
validation of the proposed simplification should not only
be applicable to deep beams, but also to members (or
regions of members) where shear is primarily resisted by
the action of a single diagonal strut, such as corbels.

ADDITIONAL CONSIDERATIONS

Although the proposed simplification eliminates the
need for checking stresses in struts and nodal zones, the
check for bearing stresses induced by the application of
concentrated forces on deep beams should still be
performed. For this purpose, a permissible concrete
bearing stress equal to 0.85f," can be assumed, based on
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Fig. 2: Normalized maximum shear stress versus a/d for normal-
strength concrete beam data taken from Reference 15. V,

fest

is the
experimental failure load (1 MPa = 145 psi)

Critical section

Fig. 3: Critical section for anchorage of tie reinforcement: (a) as
defined in ACl 318-08; and (b) as proposed in the simplified
approach presented in this article

Section 10.14.1 of ACI 318-08. Also, because the geometry
of nodal zones and struts would not be determined,
anchorage of the main tie reinforcement cannot be
checked using an extended nodal zone, as allowed in
Appendix A and illustrated in Fig. 3(a). Reinforcement
anchorage, however, may be conservatively taken either
from the intersection between the centroid of the tie
reinforcement and a line joining the inner face of the
support and the load point, as illustrated in Fig. 3(b), or
simply from the face of the support.

DESIGN EXAMPLE

To illustrate the proposed simplified method, the beam
shown in Fig. 4(a) will be designed for a concentrated
force P, = 780 kN (175 kip). Strength reduction factors ¢
will be neglected. The calculations are based on a
concrete compressive strength of 28 MPa (4000 psi)
and a steel yield strength of 420 MPa (60 ksi). For
comparison, the design using Appendix A of ACI 318-08
is included with the electronic version of this article at
www.concreteinternational.com.
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Fig. 4: Design example beam: (a) beam geometry and strut-and-tie model; and (b) final
beam design (all dimensions in millimeters, 1 in. = 25.4 mm)

The first step is to verify that a/d is less than or equal to 1.75. From Fig. 4(a),
the shear span « is 915 mm (36 in.) and the effective depth d = 915 mm - 105 mm
=810 mm (d = 36 in. — 4.1 in. = 31.9 in.). Therefore,

a/d =915 mm/810 mm = 1.13;a/d < 1.75 - OK (SI units)

a/d =36in./31.9in. = 1.13;a/d < 1.75 .~ OK (in.-Ib. units)

Next, check that the bearing stress £, is less than 0.85/ at the load and
support locations using a bearing area 4, that is 305 x 305 mm (12 x 12 in.).
_ B 780 kN

A, (305mm)(305 mm)

= 8.4 MPa; f, < 0.85f/ - OK

fo (SI units)

P, 175 kip

= A_b = m = 1220 psij; fb < 085fc =~ OK

fo (in.-1b units)

Also check that the applied average shear stress v does not exceed v, =
0.66Vf” =3.5 MPa (v, = 8\f” = 505 psi).

max

v 780 kN
" bd ~ (305 mm)(810 mm)

= 3.2 MPa; v < vy, ~ OK (SI units)

4 175 kip

= d - (1231910 ;v <
YT hd~ (12in)(31.9in) 460 psi; v < Uy - OK

(in.-1b units)
To determine the forces in the struts and ties, assume a depth for the truss
model equal to 0.94, where d = 810 mm (31.9 in.). Thus, jd = 0.9 x 810 mm = 729 mm
(jd=0.9 x 31.9in. = 28.7 in.) and a = arctan (729 mm/ 915 mm) = arctan

(28.7 in./ 36 in.) = 38.6 degrees. Using this value of o, the forces in the truss
members are calculated as follows:

Frie1-4 = Fitrurz—3 = 780 kN cot 38.6° = 979 kN (SI units)

Fiie1—4 = Fstruen—3 = 175 kip cot 38.6° = 220 kip (in.-Ib units)



780 kN

Fsruti—2 = 2575 = 1252 kN (SI units)

175 kip . . .
Fstrutl—z = W =280 klp (1n.-lb lll'lltS)
Because Node 2 connects struts only, B, = 1 per Section A.5.2.1, and the depth \ ’ ’ \ 4 q
of the depth of Nodes 2 and 3, labeled #,, in Fig. 4(a), can be determined as = ‘_ = -
follows:

JE RN
F, - 979 kN ==
By, = —ou23 = 135 mm (SI units) Q I. |_ l\.

T 0.858,f/b  0.85(1)(28 MPa) (305 mm)

Fstrutz—s 220 kip .
hp_2 = = =54in. in.- i
"2~ 085 b 085()(dksD(12im) (in.-Ib units)
Knowing #,,, the assumed depth of the truss can be checked by verifying that
o is close to the value of 38.6 degrees calculated earlier:
1810mm—135% Slunits)
= - = units
a = tan 915 mm 39.1 degrees
319 in, — 2410 . ‘
a= tan‘l—_ =391 degrees (ln.-lb lll'lltS)
36in.

The two values for a are close enough that further iteration would yield
minimal change in the calculated forces. Therefore, jd = 729 mm (jd = 28.7 in.)

and a = 38.6 degrees will be used for the rest of the example. ACI’s Online
The next step is to calculate the required area of bottom tie reinforcement Bookstore—it’s
A,
(et always open!

Friei-a _ 979 kN , www.concrete.or

Ag(tier-4) = 3 = 230 MPa " 2330 mm? (SI units) g
Ftie1—4 _ 220 kip . . .

Ag(ticr-4) = 3 = 20ksi 3.67 in.2 (in.-Ib units)

Select six No. 22 (No. 7) bars (4, = 2322 mm?* [4, = 3.6 in.*] = 4 ,,,,). Check the
anchorage length for these bars from the intersection between the centroid of
the tie reinforcement and a line joining the inner face of the support plate and
the location of the concentrated force applied on the beam top, as illustrated
in Fig. 3(b). Assuming a 50 mm (2 in.) minimum cover at the end of the tie
reinforcement, an available anchorage length of about 495 mm (19.5 in.) is
obtained. The development length /,, for a No. 22 (No. 7) hooked bar is

0.24f, = 0.24(420 MPa)

lgn = 22 mm) = 420 mm SI units
dh \/E b \/m ( ) ( )

_0.02f, _ 0.02(60,000 psi)

1, =

Y /4000 psi
Finally, determine the minimum web reinforcement to satisfy Section A.3.3.1 of ACI 318-08. Try two-legged No. 10 (No. 3)
stirrups at 200 mm (8 in.) spacing and two layers of two No. 10 (No. 3) horizontal bars at 235 mm (9.25 in.) spacing as
shown in Fig. 4(b).

(0.875in.) = 17 in. (in.-Ib units)

E Sin Vl— 5111(90 38.6 )+ sin 38-6 - 0-0031 SI units
bsl (3 05 Innl)(zo 0 nlln) (30 5 Inln) (235 Innl) ( )

§ l Sln)l ]2 f 8 . Slll(?O 38'6 ) ]2 s 9 25 . sin 38'6 0'0030 . lb units

'Sl ( ln')( ln') ( ln')( - ln') ( )

A
Zb—;sinyi >0.003 - OK
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Although not required, add two No. 22 (No. 7) longitudinal
bars as compression reinforcement for ductility. The final
beam design is shown in Fig. 4(b).

The same beam design is obtained following either
Appendix A of ACI 318-08 or the proposed simplified
approach. Eliminating the need to check struts and nodal
zones in the strut-and-tie method, however, greatly
simplifies its application, even for this simple design
example. A greater contrast between the two approaches
would be seen in strut-and-tie models with nodes receiving
three or more members (struts and/or ties), such as the
one in the design example in Reference 17.

CONCLUSIONS

The proposed simplification to the ACI strut-and-tie
model provisions for deep beam design is based on the
truss analogy and previously published experimental
data. This simplification consists of eliminating the check
for stresses in struts and nodal zones if the following four
conditions are satisfied: 1) normal-strength concrete with
[ <41 MPa (6000 psi) is used; 2) a/d < 1.75; 3) at least
minimum web reinforcement as specified in Appendix A of
ACI 318-08 is provided; and 4) average shear stress
v = V/bd is less than or equal to 0.66\f” in MPa (8Vf in psi).
This shear stress limit has been reported by Joint ACI-
ASCE Committees 326! and 426! to be safe to prevent
shear-compression failures prior to yielding of web
reinforcement, as well as web crushing failures.

Results contained in a recently published database!®
also support the use of this shear stress limit. Further,
0.6677” in MPa (8Vf in psi) is the current ACI Code stress
limit for the shear contribution from web reinforcement
in beams, contribution that is based on a strut-and-tie
model. Thus, the proposed simplification should not be
seen as a new idea, but as the use of an existing tool that
has passed the test of time when applied to structural
design using the truss analogy.

References

1. Kaufmann, W., “Strength and Deformations of Structural
Concrete Subjected to In-Plane Shear and Normal Forces,” IBK
Report No. 234, Institute of Structural Engineering, Swiss Federal
Institute of Technology, Zurich, July 1998,148 pp.

2. Slater, W.A,; Lord, A.R.; and Zipprodt, R.R., “Shear Tests of
Reinforced Concrete Beams,” Technologic Paper No. 314, U.S. Bureau
of Standards, 1926, pp. 386-495.

3. Richart, F.E., “An Investigation of Web Stresses in Reinforced
Concrete Beams,” Bulletin No. 166, University of lllinois Engineering
Experiment Station, 1927, 105 pp.

4. ACI Committee 318, “Building Code Requirements for Structural
Concrete (ACI 318-08) and Commentary,” American Concrete
Institute, Farmington Hills, MI, 2008, 465 pp.

5. Morsch, E., Concrete-Steel Construction (Der Eisenbetonbau),
The Engineering News Publishing Company, New York, 1909, 368 pp.

DECEMBER 2008 / Concrete

6. Marti, P., “Basic Tools of Reinforced Concrete Beam Design,”
ACI JournaL, Proceedings V. 82, No. 1, Jan.-Feb. 1985, pp. 46-56.

7. Rogowsky, D.M., and MacGregor, J.G., “Design of Reinforced
Concrete Deep Beams,” Concrete International, V. 8, No. 8, Aug. 1986,
pp. 49-58.

8. Schlaich, J.; Schafer, K.; and Jennewein, M., “Toward a
Consistent Design of Structural Concrete,” PCI Journal, V. 32, No. 3,
May-June 1987, pp. 74-150.

9. Yun, Y.M,, and Ramirez, J.A., “Strength of Struts and Nodes in
Strut-Tie Model,” Journal of Structural Engineering, V. 122, No. 1, Jan.
1996, pp. 20-29.

10. Nielsen, M.P., Limit Analysis and Concrete Plasticity, CRC Press
LLC, 1999, 908 pp.

11. AASHTO, “AASHTO LRFD Bridge Design Specifications (with
2001 interim revisions),” American Association of State Highway and
Transportation Officials, Washington, DC, 2001.

12. CSA Standard A23.3-04, “Design of Concrete Structures,”
Canadian Standards Association, Ottawa, Canada, 2004, 240 pp.

13. Joint ACI-ASCE Committee 326, “Shear and Diagonal Tension,”
ACI JournaL, Proceedings V. 59, No. 1, Jan. 1962, pp. 1-30; Proceedings
V. 59, No. 2, Feb. 1962, pp. 277-333; Proceedings V. 59, No. 3, Mar. 1962,
pp. 353-395.

14. Joint ACI-ASCE Committee 426, “The Shear Strength of
Reinforced Concrete Members,” Journal of the Structural Division,

V. 99, No. ST6, June 1973, pp. 1091-1187.

15. Park, J.-W., and Kuchma, D., “Strut-and-Tie Model Analysis for
Strength Prediction of Deep Beams,” ACI Structural Journal, V. 104,
No. 6, Nov.-Dec. 2007, pp. 657-666.

16. Quintero-Febres, C.G.; Parra-Montesinos, G.; and Wight, J.K,,
“Strength of Struts in Deep Concrete Members Designed Using
Strut-and-Tie Method,” ACI Structural Journal, V. 103, No. 4, July-Aug.
2006, pp. 577-586.

17. Wight, J.K., and Parra-Montesinos, G., “Strut-and-Tie Model
for Deep Beam Design,” Concrete International, V. 25, No. 5, May
2003, pp. 63-70.

Received and reviewed under Institute publication policies.

AClI member Gustavo ). Parra-Montesinos is
Associate Professor of civil engineering at
the University of Michigan, Ann Arbor, MI.
He is Secretary of ACI Committee 335,
Composite and Hybrid Structures; and a
member of ACI Committee 318, Structural
Concrete Building Code, and Joint ACI-ASCE
Committee 352, Joints and Connections in
Monolithic Concrete Structures. His research
interests include the behavior and design of reinforced concrete,
hybrid steel-concrete, and fiber-reinforced concrete structures.




DESIGN FOLLOWING APPENDIX A OF ACI 318-08

For comparison with the proposed simplified method illustrated in the article, the beam
shown in Fig. 4(a) will be designed for a concentrated force P, = 780 kN (175 kip) using the
strut-and-tie method of ACI 318-08. Strength reduction factors ¢ will be neglected. The
calculations are based on a concrete compressive strength of 28 MPa (4000 psi) and a steel yield
strength of 420 MPa (60 ksi).

To determine the forces in the struts and ties, assume a depth for the truss model equal to
0.9d, where d = 810 mm (31.9 in.). Thus, jd = 0.9x810 mm = 729 mm (jd = 0.9%x31.9 in. = 28.7
in.) and o = arctan (729 mm/ 915 mm) = arctan (28.7 in./ 36 in.) = 38.6 degrees. Using this value
of a, the forces in the truss members are calculated as follows:

Ftiel—4 = Fstrut2—3 s 780 kN cot 38.60 == 979 kN (SI unltS)
Fiie1—4 = Fstyut2—3 = 175 kip cot 38.6° = 220 kip (in.-1b units)
780 kKN .
Fstrut1—2 = sin3ses 1252 kN (SI units)
Fstrut1-2 = 513531:20 = 280 kip (in.-1b units)

Because Node 2 connects struts only, £, = 1 per Section A.5.2.1, and the depth of the
strut between nodes 2 and 3, labeled 4,., in Fig. 4(a), can be determined as follows:

_ Fstruta-3 __ 979 kN _ )
hn-2 = 0.85B8nf!b  0.85(1)(28 MPa)(305 mm) 135 mm (ST units)
_ 220 ki ) ) )

hpy = —S02=2 = 0 Kip = 5.4 in. (in.-1b units)

0.85B8nf!b  0.85(1)(4ksi)(12in)
Knowing 4,_,, the assumed depth of the truss can be checked by verifying that a is close to the
value of 38.6 degrees calculated earlier:

Ctan O 5o g SI unit
a = tan ors—— = 39.1 degrees (SI units)
. 5.4 in.
1 31.9in.— > X .
a=tan™ ————= 39.1 degrees (in.-1b units)

The two values for a are close enough that further iteration would yield minimal change in the
calculated forces. Therefore, jd = 729 mm (jd = 28.7 in.) and a = 38.6 degrees will be used for
the rest of the example.

Next, the bearing stress fpeqring are checked at Node 2:
780 kN

foearing-2 = GosmmyGosmmy — &4 MPa (SI units)
_ 175 kip _ . . )
fbearing—z T Azimazin) 1.2 ksi (in.-1b units)

The maximum value of fpeqring-2 is limited to 0.85f, = 0.85%28 MPa =23.8 MPa (0.85f, =
0.85x4 ksi = 3.4 ksi) in section 10.14.1 of ACI 318-08. Because 4,., was determined based on
the maximum allowable stress, there is no need to check the stress on the vertical face of Node 2.
Next, the stress on inclined face of Node 2 is checked. The width of the inclined face of
Node 2 is the same as the width of Strut 1-2 at Node 2, w2 as in Fig. 5(a).
Wstrut—2 = hp—p cosa + Wpearing SN @
= (135 mm) cos 38.6° + (305 mm) sin 38.6° = 296 mm (ST units)



= (5.4in.) cos 38.6° + (12 in.) sin 38.6° = 11.7 in. (in.-1b units)

Wstrut—l

(@)

Fig. 1: Geometry of nodes and strut widths in design example (a) Node 2; and (b) Node 1 (Dimensios in
millimeters; 1 in. = 25.4 mm)

Minimum web reinforcement meeting the requirements in Section A3.3 will be provided, so the
strength of Strut 1-2 is calculated per Section A3.2 as:

fee(strut1i—2) = 0.858,f, = 0.85(0.75)(28 MPa) = 17.9 MPa (SI units)
fee(struti-2) = 0.85Bf; = 0.85(0.75)(4 ksi) = 2.55 ksi (in.-Ib units)
Calculate the stress on Strut 1-2 at Node 2 fs.-2:

1252 kN .
fstrut-2 = Gosmmy@oemm = 139 MPa (SI units)
Forrutey = ——2X0__ — 2 0 ksi (in.-1b units)

(12in.)(11.7 in.)
fstrut—z < fce(strutl—z) -~ OK
Note that there is no need to check f;...> against the strength of Node 2 because S, > f;.
Determine the geometry of Node 1, as shown in Fig. 5(b).

h,_, =2(h—d)=2(0915mm — 810 mm) = 210 mm (ST units)
h,—1 =2(h—d) =2(36in.—31.9in.) = 8.2 in. (in.-Ib units)
Wstrut—1 = Rp—q COS @ + Whearing sina

= (210 mm) cos 38.6° +(305 mm)sin 38.6° = 354 mm (ST units)

= (8.2 in.) cos 38.6° +(12 in.)sin 38.6° = 13.9 in. (in.-Ib units)

Check stresses on Node 1. With one tie being anchored, 5, = 0.80, and the allowable stress at the
node is given by:

fee(ry = 0.85p,f¢ = 0.85(0.80)(28 MPa) = 19.0 MPa (ST units)
fee(ry = 0.856,f¢ = 0.85(0.80) (4 ksi) = 2.7 ksi (in.-1b units)
and the bearing stress at the node is given by:

f _ 780 kN
bearing—=1 = (305 mm)(305 mm)

= 8.4 MPa (SI units)



f _ 175 kip
bearing—1 ™ (12in)(12in.)

fbearing—l < fce(1)°'° OK
Similarly, the stress on the vertical face of Node 1 is given by:
_ Friei-a 979 kN

fverticai-1 = TSeT Ty ——— 15.3 MPa (ST units)

f _ Frie1-4 __ 220 kip
vertical-1 — bhp_;  (12in)(8.2in)

fvertical—l < fce(l)"' OK
Stress on the inclined face of Node 1 is checked against the maximum allowable stress in Strut 1-
2 at Node 1, which is lower than the allowable nodal stress at Node 1.

_ Fstruti—2 _ 1252 kN _ :
fstrut—1 = P YTy yp——— 11.6 MPa (SI units)

Fstruti— 280 ki _ _ '
fotrug—n = 2L = =P = 1.7 ki (in.-Ib units)
bWgeryr—1  (12in)(13.9in.)

= 1.2 ksi (in.-1b units)

= 2.2 ksi (in.-Ib units)

fstrut—l < fce(strutl—z)"' OK
The next step is to calculate the required area of bottom tie reinforcement Ayic 1-4)
Ftie1—4 — 979 kN

Asteier—4 == L= = Howp = 2330 mm? (SI units)
Friei—a  220ki ) )
As(tier-4) = % = kslp 3.67 in. (in.-1b units)

Select 6 No. 22 (No. 7) bars (4, = 2322 mm° (4,=3.6 in.z) = Asgie1-4)). Check the anchorage
length for these bars. Appendix A of ACI 318-08 allows the use of an extended nodal zone for
checking reinforcement anchorage, as shown in Fig. 3(a). Assuming a minimum back cover of
50 mm (2 in.), the available anchorage length is 530 mm (20.9 in.). The development length /4
for a No. 22 (No. 7) hooked bar is,

Lan = Ojgy dy = ™ (22 mm) = 420 mm (S units)
fe
0.02f, 0.02(60,000 psi) i i
Ly = \/7 d, = NS (0.875in.) = 17 in. (in.-Ib units)

Finally, determine the minimum web reinforcement to satisfy Section A.3.3.1 of ACI
318-08. Try 2-legged No. 10 (No. 3) stirrups @ 200 mm (8 in.) spacing and two layers of two
No. 10 (No. 3) horizontal bars @ 235 mm (9.25 in.) spacing as shown in Fig. 4(b).

142 mm? 142 mm?

Agi - . . o_ ° . o_ .

% et SN V= Gy o S (00°-38.6°)+ oo e sin 38.6°=0.0031 (SI units)
Astginy, = 2207 Gh(90° — 38.6%) + —22"__Gin38.6° =0.0030  (in.-Ib units)
bs; b (12in)(8in) ' (12 in.)(9.25 in.) ' . :

% 22 siny; >0.003 - OK

Although not required, add two No. 22 (No. 7) longitudinal bars as compression
reinforcement for ductility. The final beam design is shown in Fig. 4(b).



