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Reinforced Concrete TiltUp Wall Panel with Opening Analysis and DesigifACI 551)

Tilt-up is form of construction with increasing popularity owing to its flexibility aconemics. Tiltup concrete is
essentially a precast concrete that is site cast instead of traditional factory cast concrete members. A structural
reinforced concrete titip wall panel with opening in a singiory warehouse (bigox) building provides guwity
and lateral load resistance for the following applied loads famroof joists bearing in wall pockets in addition to
the wind:

Roof dead load =2.4 kipper joist

Roof live load = 2.5 kipper joist

Wind load =27.2psf

The assumed titip wall panel section and reinforcement are investigated after analysis to verify suitability for the
applied loads then compared with numerical analysis results obtaineddtiailengineering software program from
StructurePointAdditionally, different modeling and analysis techniques usimd/allengineering software program

to investigate and design tilip wall panels with openings aresdiissed.
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Figureli ReinforcedConcreteTilt-Up Wall Panel Geometrgwith 10 x 15 ft Door Opening)
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Code
Building Code Requirements for Sttucal Concrete (ACI 31:81) and Commentary (ACI 318R1)

Reference
Design Guide for TiHUp Concrete Panels, ACI 551.2F%, 2015 ExampleB.2

spWallEngineering Software Program Manual v5.01, STRUCTUREPOINT, 2016

Design Data

f.6 = 4,000 psinormal weight concret@v. = 150 pcf)

fy =60000psi

Wall length=1.=31ft7 1.5 ft =29.5

Assumed wall thickness &.75in. (Note: reference example started with a thickness of 6.25 in. that was deemed
not sufficient to reet tension control condition to use alternative design
method).

Assumed eccentricity g = 3 in.

Assumed ertical reinforcement? #6(single layer)or the left leg (design strip)

7 #6 (single layer) for the right leg (design strip)

Solution

Theeffect of openingsnout-of-plane bending in tilup panels can be approximatadand calculationky a simple,
onedimensional strip analysis that provides accuracy and economy for most designs. Where openings occur, the entire
lateral and axial loadncluding selfweight above the critical section, is distributed to supporting legs or design strips

at each side of the openifgpmetimes referred to as wall piers) ACI 551.2R15(7.2)

The effective width of the strip should be limited to approxityal? times the panel thickness to avoid localized

stress concentrations along the edge of the opening. This limit is not mandated by ACI 318, but is included as a
practical guideline where the opening width is less thanhatfethe clear vertical spam Imost cases the tributary

width for loads can be taken as the width of the strip plushaiféhe width of adjacent openingdEilt-up design strig

should have constant propertfes thefull height and the reinforcement should not be cut «ff aboveor below the
opening.Thickened vertical or horizontal sections caniftteoducedwithin the panel where openings are large or

where there are deep recesses on the exterior face. Some conditions may require ties around all vertical reinforcement
bars in avertical pilaster for the full height of thét-up panel. ACI 551.2R15(7.2)



http://www.spwall.net/

Structure Point _
CONCRETE SOFTWARE SOLUTIONS Sﬁé“

Left Leg Analysis and Design
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Figure2i Tilt-Up Design Strips Tributary Widths for Loads

1. Minimum Vertical Reinforcement

po=Denen 308 g 400 ACI 31811 (2.1)
bsh (492 875
\ i = 0.0015

ACI 31811(14.3.9

r,=0.00732 . ©.00150(k.

532 h §°8.75
S max = SmMallest of|e3 ) H: smallest ofi‘g_n
’ i Y i

i18in. y

0 6&5in. Q
0 smallest of °& =18 ACI 31811 (7.6.5
y 18in. y

3
S provided — 4le #6.861in. Q’max 18 m(ok)
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2. Alternative Design Method ACI 318 Provisions

The design guide for titip concrete pass ACI 551 state that tilt-up concrete walls can be analyzed using the
provisions of Chapter 14 of the ACI 318. Most walls, and especially slender walls, are widely evaluated using

the AAlternative desi gn Todsanselmrisiodseare presarted ;m &CIB18 buBe ct i on
reorganized in different chapters and in slightly revised terminoldggmethod is applicable when the conditions

summarized belowre met

1 The cross section shall be constant over the height of the wall ACI 31811 (14.8.2.2)
1 The wall can be designed sisnply supported ACI 31811 (14.8.2.1)
1 Maximum moments and deflections occurring at midspan ACI 31811 (14.8.2.1)
1 The wall must be axially loaded ACI 31811 (14.8.2.1)
1 The wall must beubjected to an owdf-plane uniform lateral load ACI 31811 (14.8.2.1)
9 The wall shall be tensieoontrolled AC| 31811 (14.8.2.3)
1 The reinforcement shall provide design strength greater than cracking stredih 318-11 (14.8.2.4)

3. Tilt-Up Wall Structural Analysis

3.1. Applied loads

Thetributary width for loads can be taken as the width of the strip plubalfi¢he width of adjacent openings.

Wall selft-weight=27> 5150 § 482> 158 5(+31 J55-2KPs 159

12 e ¢ 2 - u 1000 Ib
Joist loads are divided between the individual le > b b b
assuming an equivalent simply supported be:i i l i i
across the top dhe panel with the supports at th i
centerline of each leg.
R,, =4.5kip (for the left leg

Left Leg Joist Right Leg Joist

R, =4.7 kip (for the left leg Load (Ly) Load (Ry)

w=27.2 |b/f

3.2. Maximum wall forces

The calculation of maximum factored wall forces in accordance with 14.8.3 including momeiificatign
due to second order {9 effectsis shown belowload combination U = 1.P x 1.6 L, x 0.5Wis considered

in this example)

P.=1.2345 %6 47 129Kki
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P, =129 4.2 159 32.0ki

w, =0.5327.2 (34 ¥ %(%) 0.222 kip/

M
M, = = p ACI 31811 (Eq. 146)

1- u c
0.75 48, P

cr

3|2 0.122 ( 29.%°
oWl Py e Q122(295 1293 000
8 2 8 212

Where M. is the maximum factored moment at midheight of wall due to lateral and eccentric vertical loads,

not including Rpeffects ACI 31811 (14.8.3)
E, =57,000%f, 57,0004/34,000 3605000 ACI 31811 (8.5.0)
2 | 303
I, =n A, (d cof L-Su-— ACI 31811 (Eq. 147)
=5 29000 o, 6:0(0.k.) ACI 31811 (14.8.3
E. 3,605

Calculate the effective area of longitudinal reinforcement in a slender wall for obtaining an approximate

cracked moment of inertia.

3
A.= A +23P“"]g—2'0I 208 ?% 3.61irt ACI 31811 R14.8.3
, .

The followingcalculations ar@erformed with the effective area of steel in lieu of the actual area of steel.

3 f 3

a= A Y = 3.6% 60 E33in.

085 f, d 0.85 44 12
c=2 133 1o6in

b, 085
c 156 .
—=—— =$.356 €.375 \tension-controll¢ ACI 31811 (R9.3.2.3
d 4.375
f=0.9 ACI 31811 (9.3.2)

43 12) 31.58
A L 70

l, =8.0 33.61 (*4.375 1.56 ( 282 fr ACI 31811 (Eq. 147)
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M ACI 31811 (Eq. 146)

M — ua
’ P

um

1- — um
0.75 K,

3 3 3 3
b:48 EC2 |, _483 3605 29232 £0.6 kip
531 53 (29.5312

_ 149
©,. 320
0.75° 80.6

31.7 ft-kip

<

ACI 31811 (14.8.2.3)

3.3. Tensioncontroled verification

f 0.9
P3h 35.5° 8.75
Aty ig "N Daaggs Y% P
a= g . : 135in.
0.85 f 4, 0.85¢f |3 0.85 434 12
c=2 2 159in
b, 0.85

6 =229 8 o003 2003 4875 0003 0.0853 0.0

¢ C — %5

Therefore, section is tension controlled ACI 31811 (10.3.4)

4. Tilt-Up Wall Cracking Moment Capacity (Mcr)

Determinef, = Modulus of rapture of concrete ahd= Moment of inertia of the gss uncracked concrete section

to calculateéMc,

f, :7.5/\/? =75 1.0 «f34,000 47431

ACI 31811 (Eq. 9-10)

* (4212) %8.78
=l L2819 BT gy ine
12 12
y =1 BT aa75in
2 "2
fl
My = o 743 2680 o 1 d 5 fruip ACI 31811 (Eq. 9-9)
y. 4375 1000 12

5. Tilt-Up Wall Flexural Moment Capacity («Mn)
4., a o 2 1.35 G L
M,=A, °f, 3 ~. 5361 60° 4%3757 - Boi.4inkip 66.8 ftk
- (; -

It was shown previously that the section is tension contréjled= 0.9
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fM,= fM, @9 686.8 66:4ftkip M,> 31.Zft-kifo.k) ACI 31811 (14.8.3
fM, =60.4ftkip M, 24.4ft-kip(o.k.) ACI 31811 (14.8.2.4
M, 31712 6o9in, ACI 31811 (Eg. 145)

D -—
Y 073K, 0.75380.6
6. Tilt-Up Wall Vertical StressCheck

P._ 32.C¢ 1000

um

=—————— F6.2psi €.06f3 006 4,000 248 p.k) ACI 31811(14.8.2.6
A, 875(431)

7. Tilt-Up Wall Shear Stress Check

In-plane shear inot evaluatedincein-plane shear forcesre not applied in this exampleutobf-plane shear due
to lateral loadshould be checked againsetbhear capacity of the wally inspection of thenaximumshearforces
f, it can bedeterminedhatthe maximum shear fords under5 kip. The wallleft leg (the weakest sectiohas a
shear capacitapproximately50 kip andno detailed calculations arequired by engineering judgeme($ee

figure 6 for detailed shear force diagram)

8. Tilt-Up Wall Mid-Height Deflection ()

The maximum oubf-plane deflectiondd) due to service lateral and eccentric vertical loads, includipg f f ect s,

shall notexceetl/ 150 . JMéhcalaulated gs follows: ACI 31811(14.8.4

e 2 (

T M - *M o ~

] a cr |

TgDcr * 3 %an_cr @When Ma _ME |

i3 wm,-2m, © 37 % i

1, N i

iaM % i

Aa?VI_a . When M, <M

}9 o +C a cr \|

Where M is the maximum moment at mlteight of wall due to service lateral and eccentric vertical loads
including Rypeffects.
Ma = Msa -'PS J
9073212944 § 9295
w32 P e E 16 149 H( i (4.5)3 3/12
= 8 2 8 1000

M 12:2 ft-kip

P =P, -wallselfweight 4.5 169 20.4Kki

cr

fl
M, = ryg =24.2 ft-kip (as calculated pervious ACI 31811 (Eg.9-9)

t




Structure Point _
CONCRETE SOFTWARE SOLUTIONS SM“

5 M,312 5 2426129295 1y
“ 48 E1, 48  3,605° 2680

0-392in. ACI 31811 (Eq. 14-10)

o will be calculated by trial and error method siiaés a function of M and M is a furction of .

AssumeM , < :—i M.

aM £12.2

0
AssumeD :a?l\/l_sa 5 &, 03392 0498i
s Q or gp (; 42

-O: Ot

M,=M_ ¥, D122 125 204 0.198 1504in.-kip 12.5%-

&M, 6 _ 125 .
D, %2 6P =2 0.6.392 0.202ir ACI 31811 (Eq. 14-9)
* oM, 0P %2

No further iterations are required

M, =12.5 ft-kip <—§MC, % 28.2 16:=1ft-kip (o.k)
D, 0.202in. & 2212 5600 (0k)
150 150

The wall left leg is adquate with 7 #6 vertical reinforcement and 8.75 in. thickness.

Right Leg Analysis and Design

Repeating the same process for the right leg (right design stri)ttethe following results:

P,. =5.1kip (for the right leg

P, =5.3kip (for the right leg

w=27.2 Ib/ft

P, =14.6 kip

R, =37.9kip

w, =0.150 kip/ft

M,, =18.1ft-kip

A, =3.71in?

a=0.91in.
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c=1.07in.
3:0.245 <0.375 \ tension-controll
I, =355in?
K, =98.2 kip
M, =37.3ft-kip
M, =36.3ft-kip

fM, =65.5ft-kip M, 87.3ftkip(o.k)

M, =655ftkip M_  36.3ft-kip(0.k.)

D, =6.08in.
P : :
un =60.2 psi <0.06 £, 240 psfo.k.)
A
M., =14.9 ft-kip
D, =0.392in

M, =15.2 ft-kip <§Mcr 24.2ftkip (o.k)

D, =0.164in. I¢ 236in. (o.k.)
150
The wallright legis adequate witff #6 vertical reinforcemerand8.75in. thickness.

9. Analysis and Design of the Section between the Design Strips

For the vertical reinforcement for the section between thigrnleips, minimum area of steel should be provided
as follows:

I\ min =0.001E ACI 31811 (14.3.2)

Try single layer panel reinforcement of 9 #4.

— A/,vertical 93 020

r = = 8:0017 ACI 31811 (2.1)
bsh (10312 875

r,=0.0017 2 1, ©.0015qk.
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533 h () $38.75 2625in. g
S max = SMallest ofg . H:smallest of3‘e3, %smallest of fg :5,8 ACI 31811 (7.6.5)
' i18in. y) 1%3|n. Y 18in. Y
y y y
3
S, provided :10le 43.3in. §,,, 18in.(o.k)
10. Horizontal Reinforcement
7 min = 0.0020C ACI 31811 (14.33)
Try single layer panel reinforcement of 33 #4.
. 3
ro= Aveica 3% 0.20 6:0020: ACI 31811 (2.1)
bsh (31312 875

r,=0.002032 . ©.002000(k.

Additional reinfacement requirements are outlinedd€l 31811 (14.3.7)¥or header and jambs of openings.

11. Tilt-Up Wall PanelAnalysis and Desigri spWall Software

spWallis a progranior theanalsisand desigrof reinforced concretshear walls, titup walls, precast wa and
InsulateConcreteForm (ICF)walls. It uses a graphical interface that enables the user to eaghagecomplex
wall models. Graphical user interface is provided for:

1 Wall geometry (including any number of opegs and stiffeners)

1 Material propertietncluding cracking coefficients

1 Wall loads (point, line, and area),

1 Support conditions (including translational and rotational spring supports)

spWall uses the Finite Element Metd for the structural modelingnalysis and desigrof slender and nen

slender reinforced concrete walls subject to static loading conditions. The wall is idealized as a mesh of
rectangular plate elements astfaight line stiffener elements. Walls of irregular geometry are idealized to
conform to geometry with rectangular boundaries. Plate and stiffener properties can vary from one element to

another but are assumed by the program to be uniform within ezl

Six degrees of freedom exist at each node: three translations and three rotations relating to the three Cartesian
axes. An external load can exist in the direction of each of the degrees of freedom. Sufficient number of nodal
degrees of freedom ehld be restrained in order to achieve stability of the model. The program assembles the
global stiffness matrix and load vectors for the finite element model. Then, it solves the equilibrium equations to
obtain deflections and rotations at each node.llyindoe program calculates the internal forces and internal

moments in each el ement. At the userds option, the pi
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program takes into account the effect ofplane forceson the outof-plane defleion with any number of

openings and stiffeners.

In spWall the equired flexural reinforcement is computed based on the selected design standard (ACis318
used in this example), and the user can specify otveodayers of wall reinforcement. In stiffeners and boundary
elementsspWall calculates the required shear and torsion steel reinforceWaiitconcrete strength (iplane
and outof-plane) is calculated for the apd loads and compared with the code permissible shear capacity.

For illustration and comparison purposés following figures provide a sample of the input modules and results

obtained fromanspWallmodel createdor the reinforced concrete wall in this example.

Project Load Combinations
Define

Assign Point Loads Point Load
Solve Uniform Area Load

Label Load Case Eccentricity (in] Linear Area Load

Options IDL m |3 i... Uniform Line Load

~Forces (kips] [~ Moments (k-ft]

Px Py bdw by
e P P

[Case | P Py Pz M My [ Mz [ Eccentric\lgl
0.000 -4.500 0.000 0.000 0.000 0.000 3000
0.000 -5.100 0.000 0.000 0.000 0.000 3.000
0.000 -15.900 0.000 0.000 0.000 0.000 0.000
0.000 -19.400 0.000 0.000 0.000 0.000 0.000
0.000 -4.700 0.000 0.000 0.000 0.000 3.000
0.000 -5.300 0.000 0.000 0.000 0.000 3.000

Figure3 i Defining Loadsfor Tilt-Up Wall Panelwith Opening(spWal)

10
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Figure51 Tilt-Up Wall PanelServiceLateral Displacemenfontour(Qu
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Figure71 Tilt-Up Wall Panel with OpeninéylomentDiagram(spWal)

Right Leg

Max, Value: 37.738 k-ft
Min, Value: -0.075 k-ft

14
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Service combinations

Coordinate System:

| Displacements | S1
Global Left Leg

Units

Displacement (Dx, Dy, Dz): in

Node Dx Dy Dz
271 -6.47e-005 -2.38e-003 -2.05e-001
272 -4.85e-005 -2.38e-003 -2.04e-001
273 -3.23e-005 -2.38e-003 -2.04e-001
274 -1.62e-005 -2.38e-003 -2.04e-001
|275 -3.30e-015 -2.38e-003 -2.04e-001|
276 1.62e-005 -2.38e-003 -2.04e-001
277 3.23e-005 -2.38e-003 -2.04e-001
278 4.85e-005 -2.38e-003 -2.04e-001
279 6.47e-005 -2.38e-003 -2.05e-001

Service combinations Displacements | S1
Coordinate System: Global Right Leg

Units

Displacement (Dx, Dy, Dz): in

Node Dx Dy Dz
391 -7.77e-005 -1.91e-003 -1.66e-001
392 -6.47e-005 -1.91e-003 -1.65e-001
393 -5.18e-005 -1.91e-003 -1.65e-001
394 -3.88e-005 -1.91e-003 -1.64e-001
395 -2.59e-005 -1.91e-003 -1.64e-001
396 -1.29e-005 -1.91e-003 -1.64e-001

[397 -1.06e-015 -1.91e-003 -1.64e-001 |
398 1.29e-005 -1.91e-003 -1.64e-001
399 2.59e-005 -1.91e-003 -1.64e-001
400 3.88e-005 -1.91e-003 -1.64e-001
401 5.18e-005 -1.91e-003 -1.65e-001
402 6.47e-005 -1.91e-003 -1.65e-001
403 7.77e-005 -1.91e-003 -1.66e-001

Figure 81 Tilt-Up Wall Panel with Opening Displacement at Critical Sesti@®ervice CombinationgspWal)

Ultimate combinations | Displacements | Ul Ultimate combinations | Displacements | Ul
Left Le Right Le
Coordinate System: Global Coordinate System: Global
Units Units
Displacement (Dx, Dy, Dz): in Displacement (Dx, Dy, Dz): in
Node Dx Dy Dz Node Dx Dy Dz
271 -1.01e-004 -3.74e-003 -6.3€e+000 391 -1.20e-004 -2.95e-003 -6.17e+000
272 -7.61le-005 -3.74e-003 -6.35e+000 392 -1.00e-004 -2.95e-003 -6.15e+000
273 -5.07e-005 -3.74e-003 -6.34e+000 393 -8.00e-005 -2.95e-003 -6.14e+000
274 -2.54e-005 -3.74e-003 -6.34e+000 394 -6.00e-005 -2.95e-003 -6.13e+000
|275 -5.14e-015 -3.742-003 -6.34e+000] 395 -4.00e-005 -2.95e-003 -6.12e+000
276 2.54e-005 -3.74e-003 -6.34e+000 396 -2.00e-005 -2.95e-003 -6.11e+000
277 5.07e-005 -3.74e-003 -6.34e+000 | 397 -1.64e-015 -2.95e-003 -6.11e+000]
278 7.61le-005 -3.74e-003 -6.35e+000 398 2.00e-005 -2.95e-003 -6.11e+000
279 1.01e-004 -3.74e-003 -6.36e+000 399 4.00e-005 -2.95e-003 -6.12e+000
400 6.00e-005 -2.95e-003 -6.13e+000
401 8.00e-005 -2.95e-003 -6.14e+000
402 1.00e-004 -2.95e-003 -6.15e+000
403 1.20e-004 -2.95e-003 -6.17e+000
Figure9 i Tilt-Up Wall Panel with Opening DisplacemeniGiitical Sectioms (Ultimate Combinationsjsp\Wal)
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sowall

Ultimate combinations

| Wall cross-sectional forces | Ul

Coordinate System: Global

Y-coordinate,
Force (Vux, Nuy, Vuz):

X-centroid: ft

kips, Moment (Mux,

Muy, Muz):

k-ft

(-) Horizontal cross-section below Y-coordinate
(+) Horizontal cross-section above Y-coordinate

Wall Cross-section

In-plane Forces

Nuy

Out-of-plane Forces

Mux

-1.7419e-001
-1.7688e-013 -1.7419e-001

No. Y-coordinate X-centroid vux
31- 14.750 2.000 6.4948e-014
31+ 14.750 2.000 -4.1346e-014
Wall Cross-section
No. Y-coordinate X-centroid vux
31- 14.750 3.000 -5.5844e-014
31+ 14.750 3.000 2.7601le-015

-3.2000e+001
-3.2000e+001

In-plane Forces

Nuy

-3.7880e+001
-3.7880e+001

8.9789e-012

-1.5473e-001
7.7189e-013 -1.5473e-001

3.2071e+001
3.2071e+001

Out-of-plane Forces

8.0931e-012

Mux

-3.7152e-010
5.0718e-010

3.7706e+001
3.7706e+001

Figurel07 Tilt-Up Wall Panelwith OpeningCrossSectional Forcegp\Wall

12. Design ResultsComparison and Conclusions

-5.9595e-010
8.2895e-010

The model shown above was creatediVall taking irnto account the ACI 3181 provisions (alternative design
method) and ACI 551 recommendations regarding the analysis and designpfudtl panels with openings in order
to match theresults presented in tmeferenceln this modelheleft and right design stripgre modeled such thtte
entire lateral and axial load, including seléight above the critical sectiparedistributed to théwo strips at each

side of the opening. The tributary width for loads was taken as the width of the strip plualfothe width of the

opening.The following table shows the comparison between hand and reference resultsWigthmodel results.

Table 1i Comparison of TitUp Wall Panelwith OpeningAnalysis and Desigh Results
Solution My (Kip-ft) Ny (Kip) Dz senvice (in.) Dz uttimate (in.)
Design Strip Left Right Left Right Left Right Left Right
Hand 31.710 37.30 32.00 37.9 0.202 0.161 6.29 6.08
Reference 31.710 37.90 32.00 37.90 0.202 0.161 6.29 6.08
spWall 32.07 37.71 3200 37.88 0.204 0.164 6.34 6.11

The results of all the hand calculations and the reference lisstdailed above are in agreement with the automated

exact results obtained from tepWallprogram.
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12.1.Comparison of Wall Modeling Methods

ACI 318 provides the alternative design methada simple and accuratoption foranalysis and design sfmple

walls meeting the method conditions. Otimethodssuchas finite element analystsin be usetb addrespanels not
meetingthe numeroudimitations of the alternative desigh method (cantilevered walls, varihid&ness and width,
walls with openings, nestandardboundary conditions, walls with high compressivads,in-plane lateral loads,

nonstandard concentrated load position from attachments of piping, rackingoetentratedut of plane loads

The exact wallgeometry and applied loads wemodeled usingspWall engineering software to investigate the
differences between tlsgmplified approximate method and the finite element metRodillustration and compaon
purposes, the following figures provide a sample of the results obtained frapVéall model created for the

reinforced concrete wall in this example using exact wall geometry and algalasd

It is veryimportant toconsider thevind load appliedo the dooropeningand how it must beonsidered and applied
in the model based on tdeor boundary conditionin this example,itedoorsupport reactionsra assumed along the
left and right side of the doapening Load ismodeled as arquivalent uniform line load applied along the right
edge of the left leg and the left side of the right THge magnitude of this load calculated as follows:

w,, =272 20 21 oq36 ki
2 1000
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Project Run Solver View Results

Define

A i 1 .
=il View Contours Envelope

Solve [#- Service combinations
=- Ultimate combinations
Nyy (- Displacements

13522 E| Plate internal forces
B Nax

Ny
HNIIEEENIIEEENIIEEENIIEE | Ciacteieosw
[ 1] [} [ 1] [ 1] ;
ii ii ii il

Options

0363

o I
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8

N

%=21=17 it

Figurelli Facbred Axial Force€ontour- ExactGeometryand LoadgspWal)
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Figurel2i Tilt-Up Wall PaneServiceLateral Displacement Contour (Qof-Plane)- ExactGeometryand Loads
spWal
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