Fastening to Concrete

1. Introduction

Dr. Jian Zhao
University of Wisconsin, Milwaukee




Outlines

* Brief History of Anchor Design
« ACI 318-11, Appendix D

* Design Equations

* Phi (®) Factors

* Interaction Equation

« Seismic Provisions

» Reinforcements to Prevent Breakout

« Edge Distances, Thicknesses & Spacing

« Anchor Design in Seismic Zones



Concrete Anchors




Concrete Anchor Failures




Prior to ACI| 318-02

» Cast-In-Place anchors:
« PCI/ACI 349
« UBC / IBC codes listed allowable stress capacities
for CIP bolts

 Design of Post-Installed anchors:
* Individual manufacturers supplied load values
based on testing
» Values found in catalogs and ICBO/ICC reports
» Methodology was allowable stress and assumed an
uncracked and unreinforced section.




Since ACI 318-08

« Strength design for anchorage to concrete

Nua < ®Nn or Vua < ®Vn

 Cast-In-Place (CIP) anchors

 Post-Installed (PIl) anchors
« Undercut anchors
 Torque-controlled anchors
« Deformation-controlled anchors
* Pl anchors must be prequalified per ACI 355.2



Design Equations & Failure Modes

Design equations check Multiple failure modes
« Steel capacity
 Tension and Shear

» Concrete breakout capacity
 Tension and Shear

 Pullout/Pull-through capacity
 Tension only

» Concrete Pryout
« Shear only

« Concrete side-face blowout
 Tension and CIP only.



Failure Modes




Design Equations

Tension Capacities
* Nsa = nAse,Nfuta

* Ncb = ANc/ANco(Wece,N Wed,N We,N Wep,N)Nb
¢ an = L|JC,PNp

* Nsb = (160ca1VAbrg) AV

Shear Capacities

* Vsa =n 0.6 Ase,Viuta

* Vebg = Ave/Aveo(Wec,vWed,v We,v Wh,v) Vb
* chg = kcchbg




Steel Strength In Tension — D.5.1

Nsa = nAse,Nfuta

Nsa — Nominal tensile strength of an
anchor group

* n — Number of anchors

* Ase,N — Effective cross sectional arec
of anchor in tension

* futa — Specific ultimate tensile
strength of anchor
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Concrete Breakout In Tension
— D.B.2

Ncb=ANc/ANco(Wec,N Wed,N We,N Wep,N) Nb
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Concrete Breakout In Tension
— D.B.2

Ncb=ANc/ANco(Wee,N Wed, N We,N Wep,N) Nb

ANc = Projected failure area of group
ANco = 9hef, Projected failure area of one anchor

(Eq. D-6)
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Concrete Breakout In Tension
— D.B.2

Ncb= (Wee,N Wed,N We,N Wep,N) Nb
Wec N: Modification for eccentric load
Wece,N = 1/[1+(2€’N/3hef)] (Eq. D-9)
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Concrete Breakout In Tension
— D.B.2

Ncb= ( L|Jed,N L|—’c:,N L|—’c:p,N) Nb
Wed,N: Modification for edge effects
e If camin > 1.5hef then:
* EQ. D-10 WedN=1.0
 |If ca,min < 1.5hef then
* Eq. D-11 Wed,N = 0.7 + 0.3(ca,min / 1.5hef)



Concrete Breakout In Tension
— D.B.2

Ncb= ( We,N Wep,N) Nb
» WeN: Modification for cracking

* WeN =1.4 for uncracked section if kc =17 in eq.
(D-7)

« WeN per evaluation report (ER) if kc from ER
used in eq. (D-7)

 Wec N =1.0 for cracked section



Concrete Breakout In Tension
— D.B.2

Ncb= ( Wep,N) Nb

 Wep,N: Modification for Post-Installed Anchors
(Uncracked concrete, No supplemental reinforcements to
control splitting)

e |f camin > Ccac then:
WepN=1.0 (Eq. D-12)
* |f camin < cac then:
Wcp,N = camin/Cac (Eq. D-13)
Where cac= 2.5hef (undercut anchors)
4.0hef (Wedge anchors)



Concrete Breakout In Tension
— D.B.2

Ncb= ( ) Nb

* Nb=kc A Vf'c hef'® (Basic concrete breakout strength)
» kc — Coefficient for basic concrete breakout

strength
* Found in either App. D or per product ER

* A — Modification factor for lightweight concrete
 f'c — Concrete compressive strength
* hef — Effective embedment depth
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Pull-out Strength — D.5.3

* Npn = Wc,PNp (Eq. D-14)
* Npn — Nominal pullout strength

* We,p — Modification for cracking

— 1.0 for cracked
— 1.4 for uncracked

* Np — Pullout strength in tension




Pull-out Strength — D.5.3

* Npn = Wc,P Np (Eq. D-14)

* Np — Pullout strength in tension
For Pl anchors Np based on ACI 355.2 test results
For CIP anchors, Np based on:
* — Np = 8 Abrgf’c (Eq. D-15) headed bolts
* —Np=0.9fcenda (Eq. D-16) hooked bolts



Side-Face Blowout Strength —
D.5.4

* Nsb = (160caiVAbrg)\Vie  (Eqg. D-17)
* Nsb — Side-face blowout strength

(headed anchors only) Av,
» ca1 — edge distance -C%l
* Aorg — Net bearing area of the head of °21@

anchor % ||°©

* A — Modification factor for lightweight  <_ _d
concrete 0
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Steel Strength In Shear —
D.6.1

* Vsa = n Ase,Vv futa (Eq. D-19) CIP
* Vsa =n 0.6 Ase,v futa (Eq. D-20)
* N — number of anchors

* Ase,v — effective cross sectional area of
a single anchor in shear

» futa — specified tensile strength of
anchor steel
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Concrete Breakout In Shear —
D.6.2

* Vebg = Ave/Aveo(Wec,v Wed,v We,v Wh v)Vb
(Eq. D-22)
» Vcbg — Concrete breakout strength in shear
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Concrete Breakout In Shear —

D.6.2
* Vebg = Ave/Aveo(Wee,v Wed,v We,v Wh,v)Vb

Avc — projected concrete failure area of
a group of anchors
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Concrete Breakout In Shear —

D.6.2
° Vcbg = /—\\/rJAVco(WQC,V Wed,v We,v Lth,V)Vb

Avco —maximum projected concrete
failure area of a single anchor
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Concrete Breakout In Shear —

D.6.2
* Vebg = Ave/Aveo(Wee,v Wed,v We,v Whv)Vb

Wee,v — Modification for eccentric load (Eq.
D-26)
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Concrete Breakout In Shear —

D.6.2

* Vebg = AvelAveo(Wec,y Wed,v We,v Wh,v)Vb
Wea,v - Modification for edge effects

If Ca2 > 1.5Ca1
Weav =1.0 (Eq D-27)
If ca2 < 1.5caf
Wea,v = 0.7 + 0.3Ca2/1.5
(Eq. D-28)
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Concrete Breakout In Shear —

D.6.2
* Vebg = AvelAveo(Wee,y Wea,y Wev Wh,v)Vb

We,v - Modification factor for cracking

Wcev = 1.4 for anchors located in a
region where analysis indicates no
cracking at service loads

Wev = 1.0 for anchors in cracked
concrete with no supplemental
reinforcement or edge reinforcement
smaller than a #4 bar



Concrete Breakout In Shear —
D.6.2
* Vebg = AvelAveo(Wee,y Wea,y Wev Wh,v)Vb
Wev = 1.2 for anchors in cracked
concrete with reinforcement of a #4
bar or greater between the anchor
and the edge v
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Concrete Breakout In Shear —

D.6.2
* Vebg = AvelAveo(Wee,y Wea, v Wev Wh,v)Vb
Wev = 1.4 for anchors in cracked
concrete with reinforcement of a #4
bar or greater between the anchor
and the edge, and with the

reinforcement enclosed ;™"
stirrups spaced at not L |




Concrete Breakout In Shear —
D.6.2
* Vebg = AvelAveo(Wee,y Wea,v Wey Whv)Vb
Wh,v = Modification factor for shear
strength of anchors located in
concrete members with ha < 1.5Cat

Wh.v = V1.5car/ha but not less than 1.0
When ha < 1.5¢Ca1, Avec iS reduct
However, breakout strength is

directly proportional to membe

thickness. Whn,v adjusts for this.
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Concrete Breakout In Shear —
D.6.2

Vcbg = / ( )Vb

» VVb=(7(0e/da)°2vda)A\Vfc (cal)!s (Eq. D-24)
* — e — load bearing length of anchor

« Same as hef if there is no sleeve on anchor
 Per manufacturer if there is a sleeve

» — da — outside diameter of anchor

« — A — adjustment for lightweight concrete
» — f’c — concrete compressive strength

* — Cal — edge distance
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Concrete Pryout In Shear —
D.6.3

* chg = kcchbg (Eq. D-30)
* Kkep = 1.0 for hef < 2.5
o kcp =2.0 for hef >2.5"

* Ncbg — Nominal concrete breakout strength in
tension




Phi (®) factors

* Nua < ®Nn or Vua < ®Vn

» O-factors are applied to nominal capacities
before comparing with factored forces

» Based on:
« — Supplemental reinforcement
« — Failure mode
« — Load type
* — Anchor property




Phi (®) factors D.4.4

& Factor
. Anchor R e
Failure Mode P : Condition A Condition B
Tension Shear Tension
Ductile 075
Stesl Use Condition B
Brittle Q&5
Side Face cE 075 075 070
Blowout - ' T
oE 075 075 0.70
Cat. 1 075 075 0Es
Breakout
Cat. 2 &S 075 05
Cat. 3 0.55 0.75 045
clP oo
Cat. 1 Q&S
Pullout Use Condition B
Cat. 2 055
Cat. 3 043
cP 070
Cat. 1 Qs
Pryout Use Condition B
Cat. 2 055
Cat. 3 43




Phi (®) factors D.4.4

Condition A
* Applies where supplementary reinforcement is
present except for pullout and pryout strengths.

Condition B
* Applies where supplementary reinforcement is
not present, and for pullout or pryout strength.



Interaction of Tension and Shear
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Copyright Notice

Many images and slides were
obtained from the online sources.

The original authors are to be
credited!



