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ABSTRACT 

The punching capacity of flat slabs is investigated. The program is divided into three areas, 

The first area concerns the development of a simple mechanicai model. The model 

incorporates a single Mure criterion based of the shear fiction developed between adjacent 

surfaces of potential Mure planes. The second area involves the design and hbrication of 

modifications to an existing testing apparatus. The modifications allow a I11-scale two- 

span-continuous slab-column frame to be subjected to a comb'ition of gravity loads and 

reverse-cyclic lateral deformations, a quasi-static representation of the loads expected during 

an earthquake. The third area is an experimental program, where two fUU-scale slab-column 

frames, reidorced with shes studs to promote ductile khaviour, are exposed to seismic type 

scenarios. The program was designed to promote the development of design provisions for 

flat-slab systems in seismic zones. 

Two "shear-fiction" models are introduced. Both versions predict the capacity of slab 

column connections to concentric Ioads. The "general" version requires significant 

computational effort to find the minimum value in a matrix of potential Mure 

configurations. The "simplified" version, requiring no more that a conventional hand-held 

calculator, is more conducive for use in the design office. Both models incorporate a wide 

range of parameters. The effects of unbabnced moments require investigation before 

codification is considered. 

Prior to modfication, the existing testing apparatus was capable of subjecting a 1 %-span 

continuous slab-column fiame to gravity loads. The apparatus is expanded to house a 2-span 

continuous fiame. A lateral load distribution system is added to superimpose the type of 

non-linear deformations associated with the inertial forces expected during a seismic event. 

Two design procedures are proposed. The first procedure considers flat slab systems where 

the primary resistance to lateral loads is provided by an alternate means. The second 

procedure utilizes the slabcoIumn &e as the primary resistance to inertial forces. The 

experimental results were effective in finalizing the proposals. Additional work is required 

to improve the accuracy of the design equations. 
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NOMENCLATURE 

In each Chapter, the symbols used in a particular equation are generally presented 

immediately below the equation. However, symbols descnid within the text or 

presented in a figure are not listed. 

In an effort to provide a complete directory of terms, this appendix lists the nomenclature 

used in the entire document. However, identical terms are often used in different 

contexts and thereby have &rent definitions. To avoid any ambiguity, the symbols are 

presented in a chapter-by-chapter format. All terms are presented in alphanumeric order, 

with English letters preceding Greek. 

CHAPTER 1 

a = perpendicular distance fkom the tsce of the column describing the location of the 
critical section 

A = peak pseudo-acceleration 
A, = yield pseudo-acceleration 
b, = dimension of the critical section in the x-direction 
by = dimension of the critical section in the y-direction 
c, = dimension of the column in the x-direction 
c, = dimension of the column in the y-direction 
d = effective depth of the slab 
D = peak deformation (D = %) 
D, = length of the wall or braced frame which constitutes the main lateral-force-resisting 

system in the direction parallel to the applied forces 
D, = yield deformation (D, = u,) 
E,, = peak value of the strain energy stored in a linear-elastic system 
F = foundation factor 
f, = peak earthquake resisting force for a linear-elastic system 
f i  = portion of V concentrated at the top of the structure 
Fx = lateral force applied to level x 
fv = yield strength for an elastoplastic system 
f,, = normalized yield strength for an elastoplastic system 

g = acceleration due to gravity 
h = depth of the slab 
hi = height above the base to level i 
h, = height of the structure above ground 
h, = height above the base to level x 
I = seismic importance b t o r  (1.5 for post-disaster facilities, 1.3 for schools, 1.0 for 

all other buildings) 



rn = mass of the structure 
M = moment at the joint of a beam-column sub-assemblage 
M = unbalanced moment due to applied gravity load 
MI = moment transferred to one face of the column from the adjacent slab (MI< M2) 
M2 = moment transferred to tbe other face of the column fiorn the adjacent slab 
N = total number of storeys above ground 
P, = axial force through the centroid of the column 
R = force modification b t o r  that reflects the capability of the structure to dissipate 

energy through inelastic behaviour 
R' = yield reduction fhctor for an elastoplastic system 
S = seismic response factor 
T, = natural period of vibration (Chopra) 
T, = hdarnental period of vibration of the structure in the direction parallel to the 

applied forces (N13CC) 
u = displacement (or deformation) of the system (linear-elastic or elastoplastic) 
U = h t o r  representing the level of protection based on experience (equals 0.6) 
z+ = peak ground displacement 
ii, = peak ground velocity 

ii, = peak ground acceleration 
urn = maximum displacement of an elastoplastic system 
u, = peak displacement of a Iinear-elastic system 
zi, = peak velocity of a linear-elastic system 
ii, = peak acceleration of a linear-elastic system 

u, = yield displacement of an elastoplastic system 
v = zonal velocity ratio 
V = peak pseudo-velocity (Chopra) 
V = minimum Iateral seismic force at the base of the structure (NBCC) 
V, = equivalent lateral force at the base of the structure representing the elastic response 
ha = peak base shear imparted to a hear-elastic system 
Vby = base shear imparted to an elastoplastic system following yield 
V,  = yield pseudo-velocity 
Vl = shear force transferred to one k e  of the column fiom the adjacent slab 
Vi = shear force transferred to the other fhce of the coIumn from the adjacent slab 
W = weight of the structure (Chopra) 
W = weight of the structure (equals the dead load plus 25% of the snow load plus 60% 

of the weight of the storage load in storage areas plus the fun contents of any 
tanks; NBCC) 

Wi = portion of PV which is allocated to level i 
W, = portion of W which is allocated to Ievel x 



a~ = amplification fhctor for the peak pseudo-accel..~  tio on 
a~ = amplification fhctor for the peak deformation 
av = amplification factor for the peak pseudo-velocity 
y = rotation of the joint of a beam-coiumn sub-assemblage 
,K = ductility fkctor for an elastoplastic system 
preBsd = dzctility demand for an elastoplastic system 
cu, = natural frequency of vibration 

= damping ratio 

CHAPTER 2 

In this section, the alphanumeric sequence is abandoned when it applies to shear 

strengths, stresses and forces. In these instances, the symbols are grouped in terms of 

design codes and experimental results, and referenced accordingly. The applicable 

references have been abbreviated: 

i) experimental resdts (experimental) 

ii) working stress design (WSD) 

iii) ultimate strength design (USD) 

iv) limits states design (LSD) 

a = constant describing the shape of the axisymrnetric failure sudce 
A = area of the failure surface descn'bed by the revolution of r(x) about the axis of the 

column (Nielsen) 
A = area of the shear M u r e  plane (A = bhknt?) (Loov) 
- A , , ,  = area of the flexural reinforcement contributing to the negative moment capacity 
As,,# = mea of the flexural reinforcement contributing to the positive moment capacity 
A, = area of one row of shear reinforcement 
A, = total area of the shear reinforcement (Elstner et al) 
A,, = total area of the shear reinforcement (Langhor et 211) 
A(4 = area of the critical section at d fiom the face of the column 
A(&, = area of the critical section at d/2 from the face of the column 
A(,) = area of the critical section at the face of the column 
b = width of the slab between centrelines of adjacent middle strips (NBCC-1965) 
b = constant descniing the shape of the axkynmetric Mure &e (Nielsen) 
b = width of the concrete beam Coov) 
B = perimeter of the portion of slab contributing load to the column as determined 

using yield-line analysis 



bi = lesser of bsi a d  bvi 
bi = long length of the critical section 
b, = short length of the critical section 
bsi = non-dimensional parameter to account for the splitting of the concrete cover in 

the plane of the f l e d  reinforcement 
b,l = non-dimensional parameter to account for the splitting of the concrete cover 

above an individual bar 
b, = width of the web of the beam 
b(dnl = perimeter of the critical section taken at dl2 from the face of the column 
b  = perimeter of the critical shear section taken at the face of the column 
b(r.l = perimeter of the critical section taken at t - 1 %" from the face of the column 
c = dimension of a square column 
c = cohesion (Nielsen) 
c = constant describing the shape of the axisymmetric Mure surface (Nielsen) 
c, = short column dimension 
cr = long column dimension 
cl = column dimension perpendicular to the moment axis 
cp = column dimension parallel to the moment axis 
~ 2 , ~ ~ l ~  = column dimension of the face framing into the beam 
d == effective depth of the slab 
d = effective depth of the beam 
d = effective depth of the slab; to be taken as t - 1 %' (CSA A23.3-1959) 
d = diameter of the column or loading area (Nieken) 
D = energy dissipated 
db = diameter of the f l e d  reinforcement bars perpendicular to the beam strip 
dbrboOp = diameter of the rebm used to form the seismic hoop 
dbPlong = diameter of the largest longitudinal rebar 
dl = diameter of the failure surfhce on the unloaded k e  of the slab 
d' = concrete cover to the underside of the reinforcement bars perpendicular to the 

beam strip 
f A  = separation resistance 
f, = compressive strength of the concrete 
AP = effective plastic compressive strength of the concrete 
f ,  = in-plane stress in the concrete clue to the prestressing force 
f = effective plastic tensile strength of the concrete 
f ,  = yield strength of the flexural reinforcement 
f, = yield strength of the shear reinforcement 

f,' = 28-day compressive cylinder strength 

f,' = 28-day tensile cylinder strength 
h = depth of the slab 
h = depth of the beam 
W = inter-storey height 
ho = distance h m  the loaded ikce of the slab to the junction between the straight 

line and catenary portions of the Mure surfhce 
jd = i n t e d  moment arm 



J& = section property of the critical section (at d fiorn the fkce of the column) 
analogous to the polar moment of inertia 

4#2> = section property of the critical section (at d/2 from the face of the column) 
analogous to the polar moment of inertia 

4,) = section property of the critical section (at the face of the column) analogous to 
the polar moment of inertia 

k = correlation coefficient determined &om experimentation 
K = force product used to simpw the shear fiction equation 
k, = dimensionless quantity used to simply equation (2-59) for sliding 6dure 
1 = loaded length of the radial strip (Alexander) 
I = term used to simptifir the calculation of WA vieken) 
L = length of the span between supports (Hemg) 
L = distance fiom the hce of the column to a position of zero shear (Alexander) 
1,- = length of the hinge 
lhoop = length of the portion of beam requiring seismic hoops 
In  = clear span of the beam 
L = length of the span in the x-direction 
L, = length of the span in the y-direction 
rn = term used to simplifj. the calculation of WA 
M = bending moment due to applied load 
m, = bending moment per unit length parallel to the interhce between the radial strip 

and the adjacent quadrant of the two-way slab 
M,,, = negative moment capacity of the radial strip 
M, = nominal unbalanced moment resisted by the connection 
Mpos = positive moment capacity of the radial strip 
MH = probable moment resistance at the near support, where the shear force is being 

determined 
M d  = probable moment resistance at the far support 
M,,, = rnaxhum moment resistance along the length of the beam 
M,,, = negative moment resistance of the beam 
M,,,, = positive moment resistance of the beam 
Ms = total flexural capacity of the radial strip 
mr = torsional moment per unit length perpendicular to the interface between the 

radial strip and the adjacent quadrant of the two-way slab 
mi = moment across a portion of the critical section producing the maximum working 

stress in the steel or the concrete 
rnz = moment across a portion of the critical section producing the maximum working 

stress in the steel or the concrete 
n = modular ratio 
n, = calibration coefficient to account for the effect of slab depth to column size ratio 
P = nominal shear force resisted by the connection as determined by plasticity theory 
P, = shear capacity of the radial strip 
PI = part of the nominal capacity of the comection as described by the linear portion 

of r(x) 
P2 = part of the nominal capacity of the connection as described by the catenary 

portion of r(x) 



q = mihrrn load on the radial strip 
Q = dimensionless parameter used to predict the mode of failure 
q, = coefficient to account for the effects of shear reinforcement 
r = radius of the column (Shehata et al) 
r = radial distance fiom the axis of the column (Nielsen) 
R = force modification fictor 
R = normal force on the shear failure plane (Loov) 
s = spacing between rows of shear reinforcement 
s = spacing of the reinforcement bars perpendicular to the beam strip (Alexander) 
S = shear force on the shear M u r e  plane 
Shoop = spacing of the seismic hoops 
so = distance between the coIumn h e  and the first row of shear reinforcement 
so,h,, = spacing of the fist seismic hoop fiorn the fice of the column 
sstimp = spacing of the s t h p s  
t = depth of the slab or drop panel 
T = tension force in the longitudinal reinforcement 
Tx = tensile force per unit length in the x-direction at an edge column (Hawkins et d) 
Ty = tensile force per unit length in the y-direction at an edge column (Hawkins et al) 
Tv = tension force in the stirrups crossing the shear fdure plane (Loov) 

T: = tensile force per unit length in the x-direction at an interior column (Hawkins 
et aI) 

T' = tensile force per unit length in the y-direction at an interior column (Hawkins 
et al) 

u = relative displacement normal to the sudkce of the slab 

Shear terms related to experimental data: 
v = shear stress due to applied load (experimental) 
v, = nominal shear strength of the concrete (experimental) 
v, == nominal shear strength of the shear reinforcement (experimental) 
v, = nominal shear strength of the connection (experimental) 
V = shear force due to applied load (experimental) 
Vc = nominal. shear force resisted by the concrete (experimental) 
yS = nominal shear force resisted by the shear reinforcement (experimental) 
V, = nominal shear force resisted by the connection (experimental) 

Shear terms related to working stress design provisions: 
v = shear stress due to service load (WSD) 
v,, = allowable shear strength of the concrete (WSD) 
v,, = allowable shear strength of the shear reinforcement (WSD) 
v, = allowable shear strength of the connection (WSD) 
V = shear force due to service load (WSD) 
V, = allowable shear force resisted by the concrete (WSD) 
V, = allowable shear force resisted by the shear reinforcement (WSD) 
V, = allowable shear force resisted by the connection (WSD) 



Shear terms related to ultimate strength design provisions: 
vfi = shear stress due to fhctored load (USD) 
vcu = fkctored shear strength of the concrete (USD) 
v, = factored shear strength of the shear reinforcement (USD) 
v. = fkctored shear strength of the connection (USD) 
Pj+ = shear force due to ktored load (trSD) 
Vcu = factored shear force resis3ed by the concrete (USD) 
V, = ktored shear force resisted by the shear reinforcement WSD) 
V, = factored shear force resisted by the connection (USD) 

Shear terms related to Iimit states design provisions: 
vf - shear stress due to factored load (LSD) 
v,, = factored shear strength of the concrete (LSD) 
v, = factored shear strength of the shear reinforcement (LSD) 
vr = factored shear strength of the connection (LSD) 
vr,- = upper limit for the f'actored shear strength of the connection (LSD) 
y/ = shear force due to fhctored load (LSD) 
V,, = factored shear force resisted by the concrete (LSD) 

= factored shear force resisted by the shear rexorcement (LSD) 
Vr = factored shear force resisted by the connection (LSD) 
V,,, = upper limit for the factored shear force resisted by the connection (LSD) 

Shear terms related to Emit states design provisions: 
v = shear stress due to service load (LSD) 
vcn = nominal shear strength of the concrete (LSD) 
vsn = nominal shear strength of the shear reinforcement (LSD) 
v, = nominal shear strength of the connection (LSD) 
vn,,, = upper limit for the nominal shear strength of the connection (LSD) 
V = shear force due to service load (LSD) 
Vcn = nominal shear force resisted by the concrete (LSD) 
V, = nomid shear force resisted by the shear reinforcement (LSD) 
Vn = nominal shear force resisted by the connection (LSD) 
Vn,-= upper limit for the nominal shear force resisted by the connection (LSD) 

Miscellaneous shear-related terms: 
v = average shear stress on the shear fidure plane (Loov) 
v = shear force per unit length on the interhce between the radial strip and the 

adjacent quadrant of the two-way slab (Alexander) 
Vo = unfactored shear force due to dead load (CSA A23.3-94) 
VE = &tored shear force due to earthquake load (CSA A23.3-94) 
Grex = force causing flexural Mure as determined by yield h e  theory (Hognestad) 
v, = shear stress due to gravity load @urrani et al) 
VG = force causing generalized yielding (Criswell) 
VL = &tored shear force due to live load (CSA A23.3-94) 
V = nominal shear force resisted by the connection (Zaglool et al) 
Y p  = vertical component of the prestressing force (Crisweil) 



Miscellaneous shear-related terms (continued): 
V, = factored shear force resisted by the beam (CSA A23.3-94) 
Kf = nominal shear force resisted by the beam as calculated by shear Ection (Loov) 

= force at shear f-ailure (Hognestad) 

w = uniform load (Hawkins et d) 
w = uniform shear load along one side of the radial strip fiom the adjacent quadrant 

of the two-way plate (Alexander) 
WA = energy dissipated per unit area 
wb = limitation on w due to bond Mure of the flexural reinforcement (Alexander) 
WE = external work 
w, = limitation on w due to one-way shear failure (Alexander) 
x = depth to the neural axis (Shehta et al) 
x = distance along the axis of the column (Nielsen) 
x = distance along the underside of the beam between the face of the support and the 

location of the W u e  surfhe (Loov) 

a = angle between the axis of the shear reintiorcement and the plane of the slab 
a = angle between the tangent of the axisymrnet-ic K i e  surface and the direction 

parallel to the axis of the column (Nielsen) 
a, = distance between the column h e  and the critical shear section divided by d 
f l  = fhctor to account for the effectiveness of shear reinforcement 

= ratio of the long side to the short side of the column 
f i l  = ratio of the short side to the long side of the column 
y = importance factor 
y, = caliiration coefficient 
y, = tiaction of u n a c e d  moment resisted by shear stresses 
A = lateral drift between adjacent storeys 
E = strain in the concrete 

= strain in the concrete at& 
cx = membrane strain in the x-direction 
gU = strain in the concrete at failure 
0 = angle between the Mure s h  and the longitudinal axis of the beam 
A = concrete density h t o r  
,u = coefficient of fiction 
p = flexural reidorcement ratio 
p = flexural reinforcement ratio of the top mat (Gesund) 
# = flexural reidorcement ratio of the bottom mat (Gesund) 
p, = effective flexural reinforcement ratio to account for variations in the yield strength 
Beg = effective reinforcement ratio in the radial strip due to the top bars (Alexander) 
pt, = reinforcement ratio contriiuting to the negative moment capacity (A23.3-94) 
fios = effective reinforcement ratio in the radial strip due to the bottom bars (Alexander) 
fios = reinforcement ratio contributing to the positive moment capacity (A23.3-94) 
p~ = effective flexural reinforcement ratio 



pt = effectiveness factor relating frp to f f  
a = stress in the concrete (Nielsen) 
a = average normal stress on the shear failure plane (Loov) 
ar = maximum principal stress 

= minimum principal stress 
z = shear stress in the concrete 
z,, = bond stress at splitting failure 
v = effectiveness fktor 
v, = effectiveness factor relatingf, to f: 
ut = effectiveness Glctor relating fp to f: 

# = reduction factor applied to the resistance 
#c = material resistance h t o r  for concrete 
#$ = material resistance fixtor for steel 
m0 = ratio of Vsh,,, to 5- 
y = load combination factor 
w = p& l f' = mechanical reinforcement ratio 

g, = angle of fiction 

CHAPTER 3 

A = area of one fket of the shear M u r e  s& 
A, = area of one row of shear studs 
bbot = width of the base of one facet of the shear failure surfkce 
b, = perimeter of the critical section taken at dl2 fiom the fhce of the column or the 

outermost row of studs 
btOp = width of the top of one facet of the shear M u r e  s d a c e  
c, = column dimension normal to the x-direction 
c, - column dimension normal to the y-direction 
d = effective depth of the slab 
d h  = diameter of the head of the stud 
d, = diameter of the shaft of the stud 
dd = diameter of the base of an idealized truncated concrete failure cone (in pullout) 
e = distance from the centroid of the critical section to the point where the shear 

stress is being calculated 
f, = rupture strength of the concrete for a headed stud subjected to pullout 
J; = tensile strength normal to the face of the failure surface 
f ,  = yield strength of the flexural reinforcement 
f, = yield strength of the shear studs 

= 28-day compressive cylinder strength 
h = depth of the slab 
h, = lengthofthestuds 
hSBd = effective length of the stud after anchorage effects have been considered 
i = range of integers used to describe the location of possible shear Mure planes 
j = range of integers used to descni  the location of possible shear Mure planes 



J = property of the critical section analogous to the polar moment of inertia 
k = calibration coefficient determined fiom experimentation 
K = combination of parameters used to simplify equation (3-6) 
K,, = value of K associated with KfJ,mPle,- 

k~ = pullout coefficient 
= calibration coefficient used to relate the extent of yielding of the flexural 

reinforcement 
2 = coefficient relating the extent of the radial yield-line pattern to the slab depth 
I = portion of lo, at 45 degrees to either of the x or y-directions 
Id = embedment depth required to ensure yielding in the stud 
10 = perimeter of the failure swface at the bottom of the slab 
LX = distance in the x-direction fiom the fhce of the column to the support 
LY = distance in the y-direction fiom the face of the column to the support 
Mf = unbalanced fbctored moment about the centroid of the critical section 
m~ = nominal moment resistance about the y-axis 
*Y = nominal moment resistance about the x-axis 
n = number of rows of studs 
n = number of rows of studs crossed by the failure surf$ce 
nbot = number of rows of studs within the perimeter of the failure s&e at the 

bottom of the slab 
nl,, = number of rows of studs within the perimeter of the failure scrt8ce at the 

top of the slab 
R = normal force on one facet of the shear failure surface 
rt = ratio of the tende strength,$, to the 28-day compressive cylinder 

strength, f,' 
s = spacing of the shear studs measured perpendicular to b, 
S = shear force on one f'acet of the shear Mure d c e  
30 = distance between the first row of studs and the fhce of the column 
T = tension force in the longitudinal reinforcement crossing one kcet of the 

shear Wure s h c e  
T,, = value of T associated with KfgimPle,- 
TW = value of T that maxhks the shear resistance of the connection, yJKgen 
TV = tension force in the studs crossing one facet of the shear Mure s-e 
Tvp = tension force in the stud due to concrete pullout 
T' = tension force in the stud due to yielding of the shaft 
v = average shear stress on the shear fkilure plane 
V,, = nominal shear force resisted by the concrete as given by shear fiction 

(general method) 
VC, = factored shear strength of the concrete (CSA A23.3-94) 

= nominal shear force resisted by the concrete as given by shear fiiction 
(simplified method) 

VcsA = nominal shear force resisted by the connection as given by CSA A23.3 -94 
code provisions 

Vf = shear stress due to factored load (CSA A23.3-94) 
Y/ = shear force due to fadored load (CSA A23.3-94) 
GeX = nominal shear force resisted by the connection as given by yield-line theory 



VO = nominal shear force given by e b 0 d ,  used for normaking the shear 
capacity of different types of models 

vw = nominal shear force resisted by the connection due to TW, as given by 
shear Ection (simplified method) 

G r e d , c S A  = n o d  shear force resisted by the connection, taken as the smaller of 
VCSA and G e x  

5 r e d , ~ p n  = nominal shear force resisted by the connection, taken as the srnder of 
v,,,. and 5 e . X  

&d,sf;simP[e = n o d  shear force resisted by the connection, taken as the smaller of 
K ~ s i r n ~ l e  and @ex 

V r  = fatored shear strength of the connection (CSA A23.3-94) 
v ~ , m ,  = rnmhum allowable ktored shear strength of the connection 
%,, = nominal shear force resisted by the shear reinforcement as given by shear 

fiction (general method) 
Kff = nominal shear force resisted by a single facet of the failure sudbce as given 

by shear fiction (general method) 
Gf = nominal shear force resisted by the connection as given by shear fiction 

= nominal shear force resisted by the connection as given by shear friction 
(general method) 

hXSimPIe = nominal shear force resisted by the connection as given by shear fiiction 
(simplified method) 

&Asimple,ma = upper limitation on the nominal shear force resisted by the connection as 
given by shear Ection (simplified method) 

Vsr = factored shear strength of the shear reinforcement (CSA A23.3-94) 
= nominal shear force resisted by the shear reinforcement as given by shear 

fiction (simpaed method) 
Kes t  = shear force resisted by the connection as determined fiom experimentation 
x = horizontal distance fiom the bottom to the top of the fbdure surface 
Xbot = distance dong the bottom surface of the slab, fiom the fkce of the column 

to the Mure surface 
xmin = value of x that corresponds to the minimum value of K ~ s i ~ ~ l e  

Xtop = distance along the top surface of the slab, from the h z e  of the column to 
the Mure  surfkce 

X I  = direction of one principal axis of the critical section for two-way shear 
Y I  = direction of the principal axis of the critical section for two-way shear, 

perpendicular to XI 

a, = fiator which adjust v,, for support dimensions 
= ratio of the long side to the short side of column 

y, = fiaction of the unbalanced moment transferred by eccentricity of shear at the 
slab-column connection 

8 = angle between the plane of a single hcet and the plane of the slab 
Gred = value of 8 predicted by shear fiiction 

= value of 8 detennined by experimentation 
A = k t o r  to allow for low density concrete 



p = average of the reinforcement ratios in the x and y-directions 
a = average n o d  stress on the shear Mure plane 
#c = resistance factor for concrete 
+ijS = resistance fiictor for reinforcement 

CHAPTER 4 

Pi = inertial force at the ith level above ground level (due to ground accelerations) 

CHAPTER 5 

a = dimensional constant (dimension2) in a quadratic equation for v, (uniform stress 
distribution) 

Apmj = area of the base of the concrete M u r e  cone for a headed stud in tension 
As = area of the shaft of a stud 
b = flexural constant (force times dimension) in a quadratic equation for v,, (uniform 

stress distribution 
b, = perimeter of the critical section for two-way shear 
br = width of the critical section for shear measured in the direction of the span for 

which the moments are determined 
bz = width of the critical section for shear measured in the direction perpendicular to 

bl 
c = force coastant (force2) in a quadratic equation for vP ( d o r m  stress distribution) 
c, = width of the column face perpendicular to the x-direction 
c, = width of the column face perpendicular to the y-direction 
d = effective depth of the slab 
D = dead loads, or related i n t d  moments and forces 
D = lateral drift ratio 
Dend = lateral drift ratio corresponding to Mend 
dh = diameter of the head of a shear stud 
Dpr = lateral driA ratio describing the transition to full non-hear behaviour 
Dm = maximum lateral drift ratio during N cycles 
ds = diameter of the shaft of a shear stud 
DHis = Iateral drift ratio corresponding to Mseis 
e = the base of natural logarithms 
e = distance fiom the centroid of the critical section for shear to the centroid of the 

column 
E = earthquake loads, or related internal moments and forces 
ez = distance from the centroid of the critical section (at an edge column) to the edge 

of the slab 
f, = equivalent tensile stress due to anchorage of the stud 
f, = yield strength of the flexural reinforcement 
fuy = yield strength of the shear studs 
fcf = 28-day compressive cylinder strength 
g = distance used to define the location of the neutral axis for a d o r m  stress 

distribution 



h = thickness of the slab 
h~ = height of the studs 
kr = shear strength reduction factor 
I = length of the span in the direction that moments are being determined, 

measured centre to centre of supports 
L = live load due to intended use and occupancy, snow, ice and rain, or related 

internal moments and forces 
Ianch,, = average depth of the pullout cones for studs crossing a 45-degree Wure 

surface 
In = length of the clear span in the direction that moments are being determined, 

measured face to fme of supports 
rn = flexural resistance of the slab per unit length 
Ma4 = adjusted value of M,, used in the calculation of MID 

= adjusted value of MPrpint used in the calculation of MID 
Modi.edge = adjusted value of MPrtedge used in the calculation of M/D 
MD = unbaIanced moment resistance for any given value of D 
Mend = unbalanced moment due to applied load (at the end of the reverse-cyclic 

loading sequence) 
M P ~  = probable unbalanced moment resistance 
Mpr.edgr,,neg = probable unbzlanced moment resistance at an edge connection due to 

yielding of the upper layer of f l e d  reinforcement 
MmcdgefpOS := probable unbalanced moment resistance at an edge connection due to 

yielding of the lower layer of  flexural reinforcement 
Mpr,iM = probable unbalanced moment resistance at an interior connection 
M r e s  = maximum unbalanced moment due to applied load (during the residual test) 
Msets = maximum unbalanced moment due to applied load (during the reverse- 

cyclic loading sequence) 
M S I ~  = unbalanced moment due to gravity loads 
~ X C  = moment resistance per unit length due to the upper layer of flexural 

reinforcement in the x-&section, placed within the confines of the column 
4, = moment resistance per unit length due to the lower layer of flexural 

reinforcement in the x-direction, placed within the confines of the column 
~ X S  = moment resistance per unit length due to the upper layer of flexural 

reinforcement in the x-direction, placed within a distance, c,, each side of 
the column 

4 s  = moment resistance per unit length due to the lower layer of flexural 
reinforcement in the x-direction, placed within a distance, c,, each side of 
the column 

~ Y C  = moment resistance per unit length due to the upper layer of flexural 
reinforcement in the y-direction, placed within the confines of the column 

rn; = moment resistance per unit length due to the lower layer of flexural 
reinforcement in the y-direction, placed within the confines of the column 



= moment resistance per unit length due to the upper layer of flexural 
reinforcement in the y-direction, placed within a distance, c ,  each side of 
the column 

= moment resistance per unit length due to the lower layer of flexural 
reinforcement in the y-direction, placed within a distance, c,, each side of 
the column 

= unbalanced moment due to applied load (during the reverse-cyclic loading 
sequence and at a lateral drift ratio of 1.5%) 

= unbalanced moment due to applied load (during the reverse-cyclic loading 
sequence and at a lateral drift ratio of 2.0%) 

= peak-to-peak stiflbess of the hysteresis loops 
= number of rows of studs crossing the Mure s e e  
= number of lateral load cycles 
= force modification fhctor that reflects the capab'ility of a structure to 

dissipate energy through ineIastic behaviour 
= spacing between rows of studs 
= distance between the first row of studs and the fhce of the column 
= rain load corresponding to the ground snow load 
= ground snow load 
= nominal tensile force resisted by a headed stud due to concrete Wure in 

pullout 
= h t o r  representing a level of protection based on experience 
= zonal velocity ratio 
= minimum lateral seismic force at the base of the structure 
= factored shear strength of the concrete 
= equivalent lateral force at the base of the structure representing elastic 

response 
= shear force due to applied load (during the reverse-cyclic loading sequence), 

corresponding to Mend 
= nominal shear strength of the connection (CSA A23 -3-94) 
= shear force due to M ,  and the applied gravity loads 
= shear stress due to M, and V, (as determined by the linear stress provisions 

in CSA A23.3-94) 
= shear force at the first edge column due to the associated probable moment 

resistances and gravity loads 
= shear force at the second edge column due to the associated probable 

moment resistances and gravity loads 
= shear force at the interior column due to the associated probable moment 

resistances and gravity loads 
= shear stress due to Mp and V, (as determined by the uniform stress 

distribution equations in Section 5.2.5.4 and Appendix D) 
= Eactored shear strength of the connection (CSA A23.3-94) 
= upper limit for the factored shear strength of the comection (CSA A23.3-94) 
= shear force due to applied load (during the residual test), corresponding to 

MreJ 



V m S , ~ s ~  = shear stress due to V,, and M,, (as determined by the linear stress provisions 
in CSA A23.3-94) 

vm,,firm = shear stress due to V,, and Mres (as determined by the uniform stress 
distribution equations in Section 5.2.5.4 and Appendix D) 

K e i s  = shear force due to applied load (during the reverse-cyclic loading sequence), 
corresponding to MMI, 

Vse i s , c s~  = shear stress due to VJeis and Msejs (as determined by the linear stress 
provisions in CSA A23.3-94) 

Vsei,,l/, ,  = shear stress due to and Mseis (as determined by  the uniform stress 
distributions equations in Section 5.2.5.4 and Appendix D) 

vl.5% = shear force due to applied load (during the reverse-cyclic loading sequence), 
corresponding to 

V I . S ~ C S A  = shear stress due to V I . ~ %  and Mla5% (as determined by the linear stress 
provisions in CSA A23.3-94) 

v2% = shear force due to applied load (during the reverse-cyclic loading sequence), 
corresponding to Mt% 

v w c s ~  = shear stress due to V& and M2% (as determined by the linear stress provisions 
in CSA A23.3-94) 

WD = specified uniform dead load per unit length of span 
WL = specitied d o r m  live load per unit length of span 
ZQ - acceleration related seismic rating 
Z = velocity related seismic rating 

a0 = load factor for dead loads 
a i n t  = coefficient used to distribute M,i, between adjacent spans 
Q!L = load factor for live loads 
a1 = ratio of average stress in rectangular compression block to the speci£ied 

concrete strength 
Y = importance &tor 
Yv = fiaction of the unbalanced moment transferred by eccentricity of shear at 

the slab-column connection 
Ai(e2a~tic) = lateral deflection of the P level of a multi-storey structure as determined by 

elastic analysis of the lateral-load-resisting structural system; the equivalent 
base shear used in the analysis should be reduced by R 

Adseismic)= lateral deflection of the $ level of a multi-storey structure due to seismic 
loads 

ALI = difference in D between positive and negative peaks of a half cycle of a 
hysteretic loop 

AM = difference in M between positive and negative peaks of a half cycle of a 
hysteretic loop 

A = factor to allow for low density concrete 
P = ductility fhctor 
k = ductility fictor calculated in accordance with Moehle's bilinear 

representation 



Pi = ductility factor calculated in accordance with the equivalent energy bilinear 
representation, where "?' is the percentage of the maximum unbalanced 
moment present at the end of the reverse-cyclic sequence 

P = flexural reinforcement ratio 
fimg = average reinforcement ratio at the interior connection due to the top layer of 

f l e d  rehfiorcement 
fifneg,x = reinforcement ratio at the interior connection due to the top layer of flexural 

reinforcement in the x-direction 
finwegIy = reinforcement ratio at the interior connection due to the top layer of flexural 

reinforcement in the y-direction 
p n ~ o s  = average reinforcement ratio at the interior connection due to the bottom layer 

of flexural reinforcement 
fiwoss = reinforcement ratio at the interior connection due to the bottom layer of 

flexural reinforcement in the x-direction 
p,wOS,y = reinforcement ratio at the interior connection due to the bottom layer of 

flexural reinforcement in the y-direction 
4% = resistance h t o r  for concrete 

4 = resistance h t o r  for steel 



1 INTRODUCTION 

1.1 GENERAL 

This document details a research program focused on the response of  slab-column 

connections to seismic deformations and the development of appropriate design 

procedures. The program consists of three distinct, although inter-related parts. 

The first part, the theoretical program, describes the development of a new mechanical 

model to predict the capacity of slab-column connectiolls under concentric loads. The 

model is the first step in refining current empirical code provisions. The theoretical 

program is presented in detail in Chapter 3. 

The second part deals with modifications to an existing apparatus. The original apparatus 

was capable of exerting vertical (gravity) loads onto a hll-scale 1 %-span slab-column 

fiame. The modifications involved the addition of a lateral load system to simulate the 

magnitude of deformations likely encountered during seismic loading. To properly 

assess the effects of applying lateral loads to the specimen, the apparatus was expanded 

to accommodate a two span slab-column M e .  The alterations are described m 

Chapter 4. 

The third part is an experimental program. Experimentation was used to evaluate 

proposed changes to the current design philosophies regarding the use of flat slab-column 

fiames in seismic zones. The experimental program is presented in Chapter 5. 

When entering into a program such as this one, the researcher is expected to probe an 

area, which has yet to be investigated. To do so, the individual generally pours over 

countless publications in an eEort to expose holes in the current state of understand'mg. 

For the beginner, the breadth of each publication is often focused and rarely lends to an 



oveniew on the subject. In an effort to assist the next generation of graduate students 

interested in exploring this area, the remainder of this chapter is devoted to providing a 

brief summary on slab-coIm connections. It defines various types of connections, 

dierent load scenarios, alternate means of reinforcement, types of failure, and some of 

the key parameters that affect the performance. It also outlines the current understanding 

of the loads that a structure can expect to be exposed to during a seismic event. 

In addition, Chapter 2, the literature review, includes a chronological outline ofthe 

development of current North American design standardr. These two chapters are meant 

to serve as a state-of-the-art account for new graduate students entering thefield. 

1.2 FLAT PLATES AND SLABS 

Two common forms of concrete floor construction are "flat plates" and '%at slabs". Due 

to the ease of construction, -flat concrete slabs and panels have been widely accepted by 

industry as economical alternatives to other floor types. By definition, a flat plate is 

characterized by a uniform concrete thiclcness and the absence of integrated beams. It is 

generally supported by a matrix of concrete columns. A flat slab is similar in nature, 

except it utilises drop panels, and/or column capitals, or integrated beams. A "drop 

paneI" is a distinct increase in the thickness of the slab around the column. A "capital" is 

a tapered increase in the colurnn's cross-section at the top of the column. Typical 

examples of a flat plate and flat slabs are shown in Figure 1.1. 

Flat slabs utilizing integrated beams are not directly related to the topic of this research 

and therefore will not be considered in this report. 

Industry has chosen to distinguish between flat slabs and flat pIates. In terms of this 

research, the difference is the application of drop panels or column capitals. However, 

when referring to the connection between the plate and the co1u.m~ and in direct 

contradiction to this terminology, industry has chosen to abandon any reference to flat 

plates. The connection is simply called a "slab-column comection". In this text, the 



term "slab-column connection" will be adopted. Both flat plates and flat slabs will 

simply be referred to as "slabs". If the slab includes drop panels or column capitals, it 

will simply be mentioned at that time. 

,,,- Comer Column ,,-- Edge Column 

i ~ d g e  Column Llnterior Column 

a) Flat Plate b) Flat Slabs with Drop Panels, and Column Capital 

Integrated Beams 
c) Slab with Beams 

Figure 1.1 - Flat Plates and Flat Slabs, 

By definition, a slab-column '3oint" is the volume of material common to both the 

column and the flat slab. However, the confined nature of the joint and the triaxial state 

of stress imposed upon the joint, ensure that fkdure normally occurs outside of this 

volume, either in the surrounding slab or the adjacent portion of the column. Failures in 

the column are very rare. On the other hand, failures in the surrounding slab, either 

flexural or shear in nature, are the focus of this research. The slab adjacent to the column 

is traditionally considered to be the slab-column "connection". 



1.2 .  Loads Imposed on Slab-Column Connections 

The loads imposed on slab-column connections can affect the distribution of stresses 

within the connection or change that distribution over time. The loads that sect the 

distribution of stresses are categorized as either "concentric" or "eccentric". A concentric 

load is an axial force along the length of the columnumn An eccentric load results in both a 

force along the axis of the column and a transfer of moment to the column (about at least 

one of the principal axes perpendicular to the sides of the coIumn). Figure 1.2 illusrates 

the difference between concentric and unbalanced loads. 

a) Concentrated Load - No Transfer 
of Moment to the Column 

b) Unbalanced Load - Transfer 
of Moment to the Column 

Figure 1.2 - Concentric and Unbalanced Loads. 

Typically, unbalanced loads are due to continuous Eames with varying span lengths, 

uneven loads on adjacent spans, lateral loads imposed by wind, sod, thermal effects or 

seismic activity, or combinations thereof 

Loads may also be categorized as b'monotonic'', "cyclic" or 'keverse-cyclic". In terms of 

slab-column connections, monotonic loads are those that load the connection in one 



direction only. They may be concentric or unbalanced, and are often of long duration. 

Typical examples include dead loads due to gravity and lateral loads due to soils. Cyclic 

loads are those that load the connection repetitively in one direction only. Although 

cyclic loads may be concentric, the nature of the loads typically ensures that they are 

unbalanced. Cyclic bads are typically of shorter duration than monotonic loads. 

Examples include live loads due to occupancy, rotating machinery and wind. Reverse- 

cyclic loads are those that load the connection repetitively, first in one direction and then 

the opposite. Examples include live loads due to the~mal expansion and contraction, 

wind and seismic events. 

FinalIy, loads can be classified as either "static" or 'Cdymmic". Static Ioads are applied at 

a rate that ensures the inertial forces of the members (or overall structure) are negligible. 

Dynamic loads are applied at a rate to cause inertial forces to significantly oppose 

deformations. 

1.2.2 Failure Modes 

Since a reinforced concrete slabs (with or without drop panels or column capitals) is a 

composite system consisting of steel reinforcement encased within cast-in-place concrete, 

potential fidures assume one of two forms, either a "ductile" type of failure or a "brittle7' 

type of failure. A ductile iiilures Mure starts with yielding of the flexural 

reinforcement, usually at the slab-column connection, followed by excessive cracking, 

large mid-span deflections and large flexural deformations. If deformations are 

sdlicient, localized crushing of the concrete in the compression zone could occur and 

catastrophic M u r e  may ensue. However, if the level of flexural reinforcement is 

properly limited, strain hardening of the reinforcement will precede any crushing, provide 

reserve capacity and limit the extent of flexural deformation. Since f l e d  Mures 

typic* occur over an extended period of time, and the large deformations are easily 

visible to the naked eye, a ductile fidure provides an inherent warning system of 

structural distress for the occupant. 



On the other hand, a brittle M u r e  occurs Iocally, as the slab-column connection fi in 

shear, and the column "punches" a truncated cone of concrete through the slab. A Mure 

at one connection results in a load transfer to adjacent connections, which may in turn 

trigger additional punching type Wures and total collapse. If a connection fkik in true 

brittle khion, the turn of events occurs suddenly and little warning is offered to the 

occupant. 

If the resistance of the column to punching exceeds the resistance to bending, the slab 

will normally f41il in a ductile manner. Examples of ductile and brittle failures are shown 

inFigure 1.3. 

1.2.3 Shear Reinforcement Options 

Several options are available to the designer to enfiance the punching resistance of the 

slab-column connection, For years, designers relied on the use of drop panels and 

capitals. Both systems serve to increase the shear capacity of the slabcolumn connection 

by increasing the thickness of the slab through which the column might p d  In terms 

of ductility, capitals are preferred (although not as often employed), since drop panels 

also increase the flexural capacity of the connection. In each case, drawbacks are both 

aesthetic and economic. When exposed, drop panels and capitals are seldom considered 

attractive. Even if concealed, both solutions required additional concrete and labour- 

intensive formwork. 

In an attempt to eliminate the use of drop panels and capitals, slabs have utilized various 

forms of shear reinforcement. The reinforcement is embedded in the slab. It either 

straddles the column or is placed about the perimeter of the column Common forms of 

reinforcement include "shear-heads", &'bent-up bars", CCstirrups" or "shear studs". 

Figure 1.4 shows each type of reinforcement. 



a) Brittle Failure (Newcastle Workers' Club, courtesy of Prof. A. Page, University 
of Newcastle, Australia) 

b) Ductile Failure (apartment block on Nesca Pamde, courtesy of Prof. A. Page, 
University of Newcastle, Australia) 

Figure 1.3 - Ductile and Brittle Failures at Slab-Column Connections. 



A shear-head is a device consisting of a cruciform of structural steel members. In Figure 

1.4a), the shear-head consists of wide-flange beams welded to each other in orthogonal 

directions. A shear-head typically straddles the column. The structural steel shapes 

increase the shear capacity of the connection by shifting the location of punching outside 

the cruciform. The shear-head acts like a type of internal or pseudo-capital. At times, 

additional strucural shapes are added, forming a type of steel perimeter around the 

cruciform. The peripheral members serve to enhance the confinement of the concrete in 

the connection, and thereby promote an additional increase in shear resistance. However, 

the use of shear-heads creates obstacles during construction, as the structural shapes 

complicate simple passage of continuous flexural reinforcement over the column. The 

labour required to accommodate the shear-heads is relatively expensive. 

Bent-up bus may or may not be extensions of the flexural reinforcement. Although 

special care must be given during fabrication and construction to ensure that the bends 

are accurately located, bent-up bars are more compatible with flexural reinforcement than 

are shear-heads. I'he greatest drawback with bent-up bars is that they are not fully 

effective. Lack of bearing at the bend permits the bar to slip, which often prevents the 

bar fiom reaching yield. 

Stirrups are generally placed within a width of slab limited by the dimension of the 

closest h e  of the column. Like bent-up bars and unlike shear-heads, stirrups are 

compatible with flexural reinforcement. Although the distriiution o f  flexural 

reinforcement at each comer of the stirrup enhances the development of the each leg, 

stimps are rarely I l l y  effective. Lack of embedment in thin slabs and excessive bearing 

stresses at the bends often hinder stirrups from reaching yield. In addition, the placement 

of stirrups, in conjunction with top and bottom reinforcement mats, is cumbersome. 
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Figure 1.4 - Traditional Types of Shear Reinforcement. 



"Nail shaped" shear studs, conceived and developed at the University of Calgary, are 

welded to a steel strip to ensure proper spacing and ease of placement. Shear studs are 

currently the most effective means of reinforcing a slab-column connection against 

punching. A large diameter head on each stud reduces the stress on the concrete, 

promoting suitable anchorage and allowing the stud to reach yield. Shear studs rarely 

interfere with the installation of flexural reinforcement. 

Due to the incompatibility with flexural reinforcement, fbrther references to shear-heads 

are not presented in this report. Prior to the advent of shear studs, bent-up bars and 

stirrups have been the most common and consequently, thoroughly researched form of 

shear reinforcement. A thorough review of the capacity of shear reinforced slabs-column 

connections would be remiss if it did not include research on these types of 

reinforcement. Howc~er, code provisions (ACI Standard 3 18-99, CSA Standard A23.3- 

94) have recognized the superiority of shear studs as shear reinforcement for slab-column 

connections. Consequently, most of this report will focus on the use of shear studs. 

1.3 INTRODUCTIlON TO DESXGN PROVISIONS 

Since the majority of slab Mures, regardless of the type, occur at the slab-column 

connection, researchers have continually tried to predict the stress d'lstniution in this 

area More often than not, simpmed models have been used to estimate the distribution 

Consider the simplified model shown in Figure 1.5. The model represents a three 

dimensional cross-section through the connection where the stresses are considered 

critical. For any given load, stresses are estimated along the cross-section and compared 

with limits caliirated through experimentation This type of model is highly empirical. 

It does not accurately reflect the Mure surface that occurs during punching. However, 

for decades it has been used successfdly to predict the ultimate capacity of slab-column 

connections. For that reason, it succeeds as the current prototype in most codes and is the 

system investigated in this research program. 



Figure 1.5 - Slab-Column Connection Model. 

Different codes d e k e  unique locations for the "critical section", which can be 

generalized as the peripheral area at a distance, a, fiom each face of the column. 

Depending on the code, the distance, a, varies fiom d/2 to 26, where d is the effective 

depth of the slab. North American codes use d12. The mere existence of a range of 

values for the distance, a, illustrates its empirical nature. Specific values are typically a 

consequence of an interpretation of the experimental data at hand. For instance, consider 

the M u r e  surface for a connection reinforced with shear studs. The surfhe generally 

extends fiom the underside of the slab at the hce of the column upwards through the slab 

at an angle between 40 and 50 degrees. For this type of Mure  profile, the researcher 

may approximate the location of the surface at d/2 fiom the fice of the column. 

However, for a connection without shear reinforcement, the Wure surface typically 

extends upward at an angle of 20 to 30 degrees, and may be approximated at d from the 

fhce of the column. Thus, as research parameters vary, such as the presence or absence 

of shear reinforcement, so will the results, and inevitably so will the models. 

It has aheady been mentioned that North American codes have chosen to approximate the 

1ocat.ion of the critical section at d/2. In the remainder of this section, other aspects of the 



current Canadian model, as adopted by the Canadian Standards Association (CSA) in 

CSA standard A23.3-94, 'Design of Concrete Structures", will be introduced. 

At this time, it seem appropriate to acknowledge contniutions fiom the American 

Concrete Institute (ACI). In most instances, provisions pertaining to the design of slab- 

column connections in CSA A23.3 have been adopted fkom previous editions of ACI 

standard 3 18, 'Building Code Requirements for Structural Concrete". Variations 

between the two codes are minimal. 

Consider a vertical load, P, applied concentrically through the axis of the column as 

shown in Figure 1.6. For the sake of simplicity, CSA has adopted two assumptions: 

i) the load, Pz, is resisted by vertical shear stresses only, 

ii) the stress distribution is biaxially symmetric; see Figure 1.6a). 

For ease of analysis, stress distributions are often idealized, as shown in Figure 1 -6b). 



a) Possible Biaxial Symmetric Vertical Shear Stress b) Idealization of Biaxial Symmetric 
Distribution Due To Concentric Load, P,. Vertical Shear Stress Distribution. 

Figure 1.6 - Stress Distribution for a Concentric Load, P,. 

Now consider an unbalanced moment, M, applied about one axis, as shown in Figure 1.7. 

If it is assumed that M is resisted by vertical shear stresses only, then an axially 

symmetric stress distribution about the axis of rotation can be expected; see Figure 1.7a). 

Idealization of the stress distributioi~ is shown in Figure 1.7b). 

Possible Axially Symmetric Vertical Shear Stress 
Distribution Due To Unbalanced Moment, M. 

b) Idealization of Axially Symmetric 
Vertical Shear Stress Distribution. 

Figure 1.7 - Stress Distribution for an Unbalanced Load, M 



F M y ,  consider the unbalanced moment, M, applied in conjunction with the concentric 

load, PZ. The idealized stress distributions can be superimposed as shown in Figure 1.8. 

Failure is expected to occur when the maximum stress along the edge of the critical 

section exceeds the shear strength at that location. 

Figure 1.8 - Stress Distribution for Combined Loads, P, and M. 

CSA Staudard A23.3-94 contains provisions to predict the shear strength along the 

critical section and thereby ensure that the punching capacity of a slab-column 

connection exceeds the applied load. As expected, these provisions are based on the 

published results of ongoing research programs. Since Chapter 2 is a review of all 

relevant literature to date, the specifics of CSA A23.3-94 are withheld until Section 2.2.1, 

which describes the evolution of the standard as it pertains to punching. 

Since this project is concerned with the response of slab-column connections exposed to 

seismic loads, the remainder of this chapter is devoted to descnibiig the effects (in terms 

of loads) that earthquakes have on structures. 

1.3.1 Non-Seismic Loads 

To understand the peflorrnance expected ffom a slab-column connection subjected to 

severe seismic activity, one must possess at least a cursory understanding of the 



differences between a traditional non-seismic building design philosophy and the current 

philosophy used in the design of buildings in zones of high seismic activity. For the sake 

of comparison, this section provides a brief review of the current CSA approach in 

designing for non-seismic loads. 

A structure located in an area with no seismic potential is designed for loads that arise 

fiom some combination of self-weight, occupancy, wind, snow and/or rain, thermal 

effects, lateral loads due to soil, and differential settlement. Each of these loads is termed 

a "specified" load. The strength, or "nominal capacity" (or 'bominal resistance") of each 

member that makes up the structure is expected to exceed the effects of the specified 

loads. For strength design against Mure (dtirnate limit states design), specified loads 

are increased by a "load htor". The product of the specified load and the load fkctor is 

termed the "fhctored load". The nominal capacity is reduced by a "resistance factor". 

The product of the nominal capacity and the resistance factor is termed the C'fhctored 

resistance". In ultimate k t  states design equations, load %tors and resistance fhctors 

are chosen to ensure that when the factored resistance equals or exceeds the effects of the 

kctored loads, an acceptable margin of safety, or low probability of Mure, is achieved. 

The total margin of safety often guarantees that each member remains "se~ceable" 

(although specific design checks may be required). With the exception of acceptable 

limits on inelastic deformation due to creep, the tern serviceable implies that the member 

will perform elastically and not experience any permanent deformation or damage, and 

that limitations on deflection or cracking will not be exceeded. 



1.3.2 Seismic Loads 

The concepts introduced in this section and Sectionsl. 3.2.1 and 1.3.2.2 have been 

developedfiom texts authored by Chopra (1995), Clough and Pertzien (1975) and Paulay 

and Priestley (1992). (The author offers gratitude to these individuals for his 

enlightenment.) 

The level of detail presented in the remainder of this chapter is beyond the requirements 

of a dissertation. However, research on the seismic response and design of structures is a 

relatively new area of investigation at the University of Calgary, and the information is 

intended to enlighten students and academics not f h i h  with the topic. 

As one might well expect, the nature of seismic bads requires a different approach when 

designing for earth tremors. For starters, no two events are the same. Figure 1.9 shows a 

wide variety of recorded ground accelerations for past events. Even in a given region, 

where earthquakes of a particular nature (defined by magnitude, duration, fi-equency of 

occurrence, etc.) are expected, factors including variations in proximity to the epicentre, 

location along the fkult h e ,  soil conditions, soil-foundation interaction, result in 

significant differences in the loads that a structure must withstand. 

For each and every event, and at each and every location, there are associated peak 

ground motions; a ''peak acceleration", ii, , a "peak velocity", ti,, and a 'beak 

displacement", u, . These parameters become important when trying to identlfy the 

loads imparted upon a structure. 
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Figure 1.9 - Ground Accelerations Recorded During Several Earthquakes - Hudson 
(1979). 

One beneficial and relatively consistent aspect of earthquakes is that the ground motions 

generally contain a wide range of frequencies, although there are exceptions. The 1985 

Mexico City event, for instance, was characterized by ground accelerations with one 



predominant fiequency. Geological conditions filtered out the majority of the other 

fkequencies. This, however, is the exception and not the rule. The advantage of the wide 

band of frequencies is the tendency for the structure to typically respond to that ikequency 

associated with its fundamental mode shape, regardless of the magnitude or duration of 

the event. In other words, the structure oscillates about its fundamental period of 

vibration. 

During a seismic event, and in the absence of collapse, a structure can either remain 

elastic ("linear" or "elastic" system), or portions of the structure can undergo permanent 

deformation eon-lineary' or cbelastoplastic" system). For an earthquake of a given 

magdude, the structure can be designed to respond in either manner. Generally, elastic 

systems must be significantly more robust, and hence more costly than their elastoplastic 

counterparts. The excessive initial cost of an elastic structure often outweighs the 

remedial costs associated with repairing the damage (permanent deformation) to an 

elastoplastic system, especially if the damage can be restricted to isolated areas. The 

economic disparity has prompted the design community to typically opt for the 

elastoplastic soIution. However, the fist step in understanding the performance of a non- 

linear system is to investigate the response of a linear one. 

1.3.2.1 Seismic Response of Linear Systems 

A structure exposed to a wide band of frequencies will generally respond in accordance 

with its fimdamental fiequency. The advantage of this phenomenon is that the response 

can be investigated primariIy in terms of the '"fundamental natural period of vibration", 

Tn. Figure I .  10 shows the "response" ("displacement" or "deformation"), u, of five 

single degree of fkeedom (SDF) systems subjected to a single seismic event (El Centro, 

1940). The systems vary only in terms of hdamental periods of vibration and damping 

ratios. The '?miximum response" (or "peak deformationyy), u,, is shown in each case. 

Each system will also undergo a "peak velocity", zi, , and a "peak accelerationy', ii, . It is 
however, the peak deformation that is most signiiicant. It reflects the maximum load 



developed by the system. That is, once the deformed shape is known, the forces in the 

individual members can be determined through conventional analysis. 
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Figure 1.10 - Deformation Response of Linear Elastic SDF Systems to El Centro 
Ground Motions - Chopra (1995). 

Researchers have found that recognizable trends develop when the maximum response is 

determined for a conventional range of fiquencies and damping ratios, and plotted on an 

appropriate scale. The four-way logarithmic plot shown in Figure 1.1 1 is called an 

"elastic response spectrum" and illustrates these trends. 
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Figure 1.11 - DVA Response Spectrum of Linear Elastic SDF Systems to the El 
Centro Ground Motions - Chopra (1995). 

To understand the spectrum, the plotted quantities must be defined. The response 

spectrum plots the "peak deformation, uo, or in this case, D, versus the f'undamental 

period of vibration, T,, and damping ratio, Also shown are the '9eak pseudo- 

velocity", V,  and "peak pseudo-acceleration", A. The peak pseudo-velocity and peak 

pseudo-acceleration are not equal to the peak velocity and peak acceleration. They are 

merely variations of D, as shown by equation (1 - 1). As variations of D, they provide no 

additional information, but become u s e l l  in evaluating the response spectrum. (They are 

also use l l  in creating a similar type of spectrum, which can be used in the design of both 

linear and non-linear structures). 



A = peak pseudo-acceleration 
D = peak deformation (D = u,) 
V = peak pseudo-velocity 
w, = natural frequency of vibration 
T, = natural period of vibration 

The pseudo-velocity is directly related to the "peak value of strain energy", Em, stored in 

the structure. The pseudo-acceleration is related to the "base shear coefficient", Ng, 

where g is the "acceleration due to gravityy'. The base shear coefficient is used by 

building codes to represent the kctor by which the building weight is multiplied to obtain 

the peak shear load imparted to the base of the structure; the "base shear", h,. 

E,, = peak value of the strain energy stored in a linear-elastic system 
m = mass of the structure 

g = acceleration due to pavity 
Vbo = peak base shear imparted to a linear-elastic system 
W = weight of the structure 

Generally speaking, an increase in T, causes an increase in D and a reduction in Ng. 

Both D and A/g decrease with an increase in 5: 

Statistical studies have shown that additional trends in the response spectra are revealed 

when the peak deformations fiom several events are averaged. Figure 1.12 shows the 

response spectra for ten separate ground motions occurring at one specihc site; in 

particular, the mean response spectrum and the mean-plus-one-standard-deviation 



response spectrum. The spectral lines are less jagged than those for a single event, and 

submit to idealization by a series of straight trend lines (as shown by the dashed lines in 

the figure). Keep in mind that the trend Lines are only straight on the logarithmic plot. 

Figure 1.12 - Mean and Mean-Plus-One-Standard Deviation Response Spectra for a 
Linear Elastic SDF System - Chopra (1995). 

Using the trend lines, the spectrum can be divided into spectral regions, which distinguish 

between basic response types, depending on the hdamental period of vibration: 

i) The "acceleration sensitive spectral region" (T, < Tc); the structure is 

extremely stiff and moves essentially with the ground. Peak deformations are 

small; inertial forces are large; damping has a negligible to moderate effect on 

the inertial forces. 



ii) The cbdisplacement sensitive spectral region" (T, > Td); the structure is 

extremely flexible; the mass remains essentially stationary as the ground 

moves. Peak deformations are large; inertial forces are small; damping has a 

negligible to moderate effect on the peak response. 

iii) The 'telocity sensitive spectral region" (Tc I Tn I Td); the structure is neither 

extremely stiff nor extremely rigid. Damping has a s iwcan t  effect on both 

the peak response and the inertial effects. 

The concept of trend lines on a four way logarithmic plot can also be used to create an 

elastic design spectnun. Creation of the design spectrum requires knowledge of basic 

ground motion parameters (peak ground deformation, u, , peak ground velocity, zigo , 

and peak ground acceleration, ii, ). The eficts of damping and the probability of the 

peak deformation being exceeded during any one event are addressed by application of 

the appropriate ampWcation fbctor, a ~ ,  av , and a-; refkr to equations (1-4a) through 

( 1 -4fh 

For median trend lines: 

a~ = ampmcation factor for the peak pseudo-acceleration 
a~ = amplification f'actor for the peak deformation 
av = amplification factor for the peak pseudo-velocity 
6 = damping ratio 



For median-plus-one standard deviation trend lines: 

Once the ground motion parameters and expected level of damping are known, and the 

probability of being exceeded chosen, the elastic design spectrum can be created as 

shown in Figure 1.1 3. 
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Figure 1.13 - Linear Elastic Design Spectrum for SDF Systems - Chopra (1995). 

Research has shown that the design spectra apply equally as well to both single degree of 

fieedom and multi-degree of eeedorn (MDF) systems. 



Once the design spectrum is created for a specific region, the hdamental period of 

vibration for the structure is estimated and used to extract the expected peak deformation, 

D, and in effect, the base shear coefficient, Alg. The base shear coefficient is then used to 

determine the expected base shear. Once the base shear is known, building codes have 

developed provisions to distnibute the base shear to each level of a structure, and use the 

distributed loads to design the structure by conventional means. 

1.3.2.2 Seismic Response of Non-Linear Systems 

The first step in understanding the response of non-linear systems to seismic events is 

describ'mg an elastoplastic system and the parameters that define it. Figure 1.14 shows a 

non-linear load-deformation curve for a steel beam-column subassemblage, subjected to 

a reverse-cyclic load scenario. In this case, bending moment, My is plotted against joint 

rotation, y, but the same general profile would result if point load, P, was plotted against 

displacement, u (for the same sub-assemblage). 

Figure 1.14 - Load-Deformation Relationship for a Steel Beam-Column 
Subassemblage - Krawinkler et a1 (1971). 



Figure 1.15a) shows a bi-linear (elastoplastic) idealization of any given halfcycle (fiom 

Figure 1.14). The half-cycle starts fiom the point of maximum deformation in one 

direction to the point of maximum deformation in the other. Both the actual load- 

deformation curve and the bi-linear representation start out linear. The bi-linear 

representation remains elastic until the "yield strength",&, is reached at a "yield 

displacement", u,. Deformations continue at no increase in load until the "maximum 

displacement", u,, is reached. The areas under the non-linear curve and the bi-hear 

equivalent are equal. The elastic portion of the bi-linear representation can be extended 

to a point defined by& and u,. The term,&, is the "peak earthquake resisting forcey' and 

u, is the corresponding "peak deformation'' for a linear elastic system. 

- -- - - - . 

a) Non-Linear and Equivalent Elastoplastic b) Elastoplastic System and its 
(Bi-Linear) Force Deformation Relationships Linear Counterpart 

Figure 1.15 - Elastoplastic and Linear Force-Deformation Relationships - Chopra 
(1995). 

The "yield reduction $ctorn, R ,  is a measure of the capacity of the elastoplastic system, 

given in terms of the capacity of an elastic system with the same stfiess. Equation 

(Ma) implies that the yield strength of the elastoplastic system equals the yield strength 

required ifthe system was to  remain elastic, divided by Ry. Researchers often choose to 

use the reciprocal of R ,  the "normalized yield strength", fy , to descrii the same thing; 



equation (1-5b). The "ductility ktor", p, which relates zi,,, to u,, is given by equation 

( 1 6 )  These two parameters (Ry and ,it) are fundamental in establishing the resistance 

required and the deformations expected by non-linear systems. 

f, = peak earthquake resisting force for a linear-elastic system 
f ,  = yield strength for an elastoplastic system 
fy = normalized yield strength for an elastoplastic system 
Ry = yield reduction factor for an elastoplastic system 
u, = maximum displacement of an eiastoplastic system 
u, = peak deformation of a linear-elastic system 
u, = yield displacement of an elastoplastic system 
p = ductility kctor for an elastoplastic system 

In the preceding section, the peak response of a series of elastic structures was averaged 

for a series of seismic events in an effort to determine an elastic design spectrum. The 

same process can be used to determine an eIastoplastic design spectrum Figure 1.16 

shows the deformation response of four SDF systems (one linear elastic and three 

elastoplastic) to the 1940 El Centro earthquake. The only variable was the normalized 

yield strength, Ty . The natural period of vibration and damping ratio are constant (T. = 

0.5 sec, c= 5%). 



Figure 1.16 - Deformation Response of Linear Efastic and Elastoplastic SDF 
Systems to the FI Centro Ground Motions - Chopra (1995). 
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In each case, the structure still oscillates in conjunction with its hdamental frequency. 

As expected, a reduction in the yield capacity causes an increase in the extent of yielding, 

and in most cases, an increase in the extent of permanent deformation following the 

event. It also lends to a reduction in the peak deformation, although this trend is not 

perfect. For each structure, the "ductility demand", fieq u, can be calculated by equation 

(1 -7). The ductility demand is the level of ductility required by the system; the ductility 

factor should exceed this value. 
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b e q ~  = ductility demand for an elastoplastic system 
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Figure 1.17 - Peak Deformation for Linear Elastic and Elastoplastic SDF Systems 
due to the El Centro Ground Motions - Chopra (1995). 



Figure 1.17 shows the normalized peak deformation response spectrum for the same four 

structures, and Figure 1.1 8 plots the ductility demand (for the same range of the 

fundamental periods of vibration). The damping ratio is constant (c= 5 %). A review of 

the two figures concurrently relinquishes interesting results regarding the response of 

structures in the different spectral regions. 
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Figure 1.18 - Ductility Demand for Linear Elastic and Elastoplastic SDF Systems 
due to the EI Centro Ground Motion - Chopra (1995). 



Like elastic systems, the general response of elastoplastic systems can be categorized 

according to the spectral regions: 

i) The displacement sensitive region (T, > Td); for systems with long periods 

(T. > Tf), the response is independent of fy (u,,, E 24, z u,,) and p z R ,  which 

suggests that the design strength for a given ductility is 1/p times the strength 

for the system to remain elastic. 

ii) The velocity sensitive region (Tc I 7'' 5 Td); u,,., may or may not be Iarger than 

uo; the influence of f ;  , although small, is not negligible; p may be either 

larger or smaller than R y e  

iii) The acceleration sensitive region (T, < Tc); urn > uo; urn increases with a 

reduction in both and T,; for very small period systems (T. < T,), the 

system should be designed for a yield capacity equal to&, (as a linear elastic 

system) to avoid excessive ductility demands. 

When the response of hear elastic systems is plotted on a four way logarithmic scale, 

trends developed that allowed formulation of a design spectrum. For elastoplastic 

systems, similar patterns arise. Figure 1.1 9 shows the response spectra for elastoplastic 

systems due to the El Centro earthquake. The quantities D ,  6, and A, are plotted against 

the natural period of vibration, T', where D, is the "deformation at yield" and not the 

peak deformation. The v e l d  pseudo-velocity" and 'veld pseudo-acceleration" are 

given by equation (1 -8). The plots include a range of ductility ratios as well as a range of 

damping ratios. 



A, = yield pseudo-acceleration 
P, = yield deformation (Dy = u,) 
V,  = yield pseudo-velocity 

Vb, = base shear imparted to an elastoplastic system following yield 

The most significant aspect of the response spectra is the relative effect due to yielding 

and damping. Both mechanisms reduce the pseudo-acceleration and in turn, the base 

shear applied to the structure. However, the effect of yielding is generally more 

pronounced, especially in the regions with extremely large natural ftequencies, where the 

effect of damping is negligible. 

As with elastic systems, researchers have developed proposals for creating elastoplastic 

design spectra. Figure 1.20 summarizes one of the more simple alternatives. Simply 

speaking, the elastoplastic design spectrum is merely the elastic spectrum modified by the 

appropriate yield reduction factor. The yield reduction factor is a hc t ion  of the ductility 

of the system, and varies in each spectral region. 



Figure 1.19 -- Response Spectra for Elastoplastic Systems dare to the El Centro 
Ground Motion - Chopra (1995). 
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Chopra (1995). 



The design spectrum implies that the engineer has the option of designing the structure 

for strength, for ductility, or some combination thereof. The decision to choose one or 

the other is generally based on the fundamental response of the structure and simple 

economic considerations. 

1.3.2.3 Nationai Building Code of Canada Design Provisions 

The committee responsible for Part 4, "Strucural Design", of the National Building Code 

of Canada (NE3CC) has developed an e1astoplastic design spectrum for application nation 

wide. The format of the spectrum does not entirely parallel the concepts described in the 

previous sections. Rather than relating the response of the system to the natural period of 

vibration, in graphical form, the NBCC provides a series of mathematical expressions for 

distribution of the base shear (amongst the various levels of the structure). The 

distributed load reflects the static condition that results in a profile of internal forces (and 

bending moments) identical to the profile anticipated if the structure was responding 

about its fhdmental fiequency. The expressions accommodate non-linear behaviour by 

utilizing a force reduction factor based on the expected ductility of the system. In 

addition to the fbndamentd fiequency of vibration and the level of ductility, the base 

shew is a fbnction of the proximity to seismic activity and the type of foundation beneath 

the structure. The level of damage (following the design event) is controlled by 

application of an importance h t o r ,  which justifiably increases the design load for post- 

disaster kcilit ies. 



The minimurn lateral seismic force at the base of a structure, V,  is given by equation 

(1-10). 

R = force modification factor that reflects the capab'ity of the structure to dissipate 
energy through inelastic behaviour 

U = factor representing the level of protection based on experience (equals 0.6) 
V = rninimm lateral seismic force at the base of the structure 
V ,  = equivalent lateral force at the base of the structure representing the elastic response 

The force modification factor, which varies between 1.0 and 4.0, is a function of the type 

of structure (steel, concrete, timber, or masonry) and the expected level of ductility. 

Values of R can be found in Part 4 of NBCC-95 (Table 4.1.9.1 .B). 

The elastic base shear, V,, is given by equation (1 - 1 1). 

F = foundation factor 
I = seismic importance factor (1 -5 for post-disaster facilities, 1.3 for schools, 1.0 for ail 

other buildings) 
S = seismic response fitctor 
v = zonal velocity ratio 
W = weight of the structure (equals the dead load plus 25 % of the snow load plus 60 % 

of the weight of the storage load in storage areas plus the full contents of any tanks) 

The zonal velocity ratio is a fbnction of the seismicity of the region. The seismic 

response kctor is also a hc t ion  of the seismicity of the region, as well as the natural 

frequency of the structure. Values of S are given in part by the provisions in Table 

4.1.9.1 .A (Part 4 of NBCC-95) and equations (1 - 1 2). The foundation factor reflects the 

influence of deep soft substratum to in effect magi@ the structural response. Values 

range fiom 1.0 for layers of dense, stiff soil (or rock) less than 15 rn deep (immediately 

beneath the foundation) to 2.0 for soft Iayers with depths greater than 15 m. 



T, = O.1N (any moment-resisting fiame) (1-12a) 

T, = 0.085h:'~ (steel moment-resisting h e )  (I-12b) 

T, = 0.075h:'~ (concrete moment-resisting fiame) (1-12c) 

h n  T, = 0.09- (all other structures) n 
D, = length of the wali or braced W e  which constitutes the main lateral-force-resisting 

system in the direction parallel to the applied forces 
It, = height of the structure above ground 
N = total number of storeys above ground 
T, = fundamental period of w'bration of the structure in the direction parallel to the 

applied forces 

Once the base shear, V, has been calcuIated, it is dis-ibuted between the levels of the 

structure according to equation (1 - 1 3). 

F, = lateral force applied to level x 
F' = portion of V concentrated at the top of the structure 
hi = height above the base to level i 
h, = height above the base to level x 
Wi = portion of W which is allocated to IeveI i 
Wx = portion of W which is allocated to level x 



The force, Ft, is used to account for the influence of higher natural frequencies. It is only 

considered when the value of T, exceeds 0.7 seconds, and is given by the smaller of 

equations (1-14a) and (1-14b). 

Once the forces at each level have been determined, they are used (in conjunction with 

the appropriate gravity loads) in an elastic analysis to deterrnine the internal loads in 

individual members. The individual members are then not only designed for the loads, 

but detailed in a manner to ensure the level of ductility expressed by the force 

modification fhctor, R. 

1.4 CONCLUDING REMARKS 

As mentioned in a previous section, the chapter was focused on providing the reader with 

an introduction to slab-column systems. To do so, the chapter was essentially divided 

into two narratives. The first was devoted, but not limited, to the loads imposed upon 

slabcolumn connections, and the modes of Mure that could arise. The second detailed 

the response of linear and non-linear structural systems to seismic Ioads. The irony is in 

the fbct that the use of slab-column systems in seismic zones is severely limited. The 

limitations arise f?om a Mure to demonstrate the ability to maintain sjgdicant lateral 

resistance when subjected to reverse-cyclic deformations well within the non-linear 

range. It is that drawback that this research program intends to overcome. 



CHAPTER 2 

2 LITERATURE REmw 

2.1 GENERAL, 

Chapter 2 is subdivided into two distinct parts. Each part is designed to enhance the 

reader's understanding of the models used to reflect the resistance of slab-column 

connections to loads. The first part deals with a variety of models developed to predict 

the response of slabcolumn connections to non-seismic loads. The section starts with an 

in-depth review of the evolution of relevant provisions in the current Canadian design 

standard, CSA A23.3-1994, and ends with a retrospective on alternative models. The 

intent is to provide the reader with an overview of the advantages and  vantages 

offered by dBerent approaches. 

The second part delineates the response of slab-column connections to seismic loads. 

The discussion is particularly relevant to the experimental program presented in 

Chapter 5. 

2.2 MODELS PREDICTING RESPONSE TO NON-SEISMIC LOADS 

Researchers tend to categorize structural models into two groups; "empirical models" and 

'"mechanical models". No model is entirely empirical or entirely mechanical, but will 

lean towards one designation or the other. The suitabiity of a model depends on the 

amount of information that the model needs to convey and the accuracy in doing so. If a 

model needs only to predict the ultimate capacity of an element, an empirical model that 

includes relevant parameters m y  be mcient .  If supplemental infomation is required, 

such as the mode of failure, or an estimate of the level of ductility, a mechanical or semi- 

mechanical model may be required. However, additional information requires additional 



calculation, and the extent of calculations expected by most mechanical models has 

prompted code committees to typically incorporate empirical alternatives. 

The Canadian Standards Association (CSA) has adopted the empirical model developed 

by the American Concrete Institute (ACI) to predict the ultimate capacity of slab-column 

connections, subject to non-seismic loads. It accounts for a variety s f  variables, the most 

fundamental of which are concrete strength, shear reinforcement and eccentric loading 

conditions. The deveIopment of the model is the focus of Section 2.2.1. Sections 2.2.2 

and 2.2.3 examine other well-publicized empirical and mechanical models 

2.2.1 Development of the Current Canadian Model 

Even though his work centred on footings rather than slabs, TaIbot (1 913) is considered 

the grandfkther of slab-column connections. Subsequent investigations by other 

researchers included not only footings, but also slab-column connections and 

concentrated loads on slabs. As expected, preliminary studies focused on specimens 

without shear reinforcement. This section endeavours to fiunish the reader with a review 

of these investigations. Key &dings are presented in chronological order. 

The chronological list of publications in the following sections is selective. With the odd 

exception, it embraces those &dings adopted by the CSA concrete design code. 

Exceptions generally include findings that this author believes would serve to enhance 

the current edition of the code. To document the changes incorporated in past editions of 

the code, relevant passages fiom each edition are used to segregate the chronology. Due 

to Sequent pockets of early research and a scarcity of conclusive results, the kt CSA 

code referenced in this section is "A23.3-1959, Code of Recommended Practice for 

Reinforced Concrete Design", 

One means of classifying a slab-column connection is in terms of its location. As shown 

in Figure 1.1, a connection is designated as an interior, an edge or a comer connection. 

To date, most of the data compiled and conclusions reached come fkom tests on interior 



connections. Lack of data on edge and comer columns Eaas prompted former code 

committees to often extrapolate results and adopt design criteria fiom interior 

connections to the perimeter locales. Although this practice may be considered 

precarious, one might argue that combined with sound engineering judgment it offers the 

designer a solution that is better than no solution at all. In this report, the reader should 

be aware that the findings of the noted authors stem fiom the results of tests on interior 

slab-column connections, unless noted otherwise. 

2.2.1.1 Research Prior to CSA Concrete Design Standard A23.3-1959 

1913 - Talbot (1 91 3) conducted the first extensive study on the shear strength of slabs 

by testing a series of twenty pad footings. Talbot calculated the shear stress using 

equation (2- 1 ). 

v = shear stress due to applied load 
V = shear force due to applied load 
c = dimension of a square column 
d = effective depth of the slab 
jd = internal moment arm 

In the denominator, the bracketed term, (c + 24, implies that Talbot considered the 

critical section to be located a distance d from the periphery of the column. The nominal 

shear strength, v,, was found to vary between 0.04 f: and 0.08 ff (where f: is the 28- 

day cornprsssive strength of the concrete), and to increase with a rise in the reinforcement 

ratio. 

1939 - Richart and Kluge (1 939) completed two concurrent studies into the shear 

strength of slabs subjected to concentrated loads. Using equation (2-I), they calculated 

the nominal shear strength, v,,, to vary between 0.05 ff and 0.08 f: . The authors 

suggested that an increase in flexural strength caused an increase in shear strength. 



1948 - Richart (1 948) studied the strengths of 140 pad footings. He concluded that bond 

Mure of the reinforcement often governs the capacity of a footing. Neglecting those 

specimens, Richart used equation (2- 1) to calculate the nominal shear strength, v,,, to 

range between 0.05f: and 0.09 fcl. He reported that an increase in either the effective 

depth or the extent of flexural cracking caused a reduction in the shear strength. 

1953 - Hognestad (1 953) acknowledged the effect of superimposed bending on shear 

capacity and introduced the parameter, a0 = V,h,MJex, in his re-evaluation of the data 

reported by Richart (1948). Kheor is the force at shear failure. beX is the force causing 

flexural Mure as calculated by yield line theory. Using the perimeter of the loaded area 

as the critical section, Hognestad derived the following relationship. 

bfoj = perimeter of critical section taken at the face of the column (or loaded area) 

for 0.881c/dS2.63 and fC"2 12.5 Mpa 

f = 28-day compressive cylinder strength 

v, = nominal shear strength of the connection 
Khear = force at shear Mure 
Vp, = force causing flexural failure as determined by yield line theory 

= ratio of &hear to V f e x  

1956 - Elstner and Hognestad (1 956) studied the results of tests on 38 isolated slab- 

column specimens in conjunction with data reported by Graf (1 93 8). Particular interest 

was directed towards the effect of shear reinforcement. The authors found that equations 

(2-4a) and (2-4b) provided better correlation than equation (2-3) for both shear reinforced 

and unreinforced connections, especially for higher values of f: (30 to SO m a ) .  



A, = area of shear reinforcement 
f, = yield strength of shear reinforcement 
q, = coefficient to account for the effects of shear reinfbrcement 
a = angle between the axis of the shear reinforcement and the plane of the slab 

The bracketed term in equation (2-4a) implies that the shear reinfbrcement is not m y  

effective. The authors found the eEects of concentrating the flexural reinforcement in the 

vicinity of the column to be negligible. 

2.2.1.2 CSA Concrete Design Standard A23.3-1959 

Relevant code requirements, taken from CSA standard "A23 -3- 1959, Code of 

Recommended Practice for Reinforced Concrete Design", are listed below: 

i) The provisions of CSA A23.3-1959 are based on worlcing stress design 

(WSD) where stresses due to service loads are limited by allowable stresses. 

ii) The critical section shall be taken at a distance of (t - 1 %"; where t is given in 

inches) beyond the edge of the column, capital or drop panel, where r is the 

overall slab deptb at that location. 

iii) The mfhctored shear stress, v, shall be calculated according to equation (2-5). 



b<(-l 'h7 = perimeter of the critical section taken at t - 1 %" fiom the face of the 
column 

d - effective slab depth; to be taken as t - 1 %" in equation (2-5) 
jd = internal moment arm 
t = total depth through slab or drop panel 
v = shear stress due to service load 
V = shear force due to service load 

iv) The allowable shear stress, v., shall range between 0.025 fcr and 0.03 ff 

depending on the percentage of negative f l e d  reinforcement passing 

through the column, capital or drop panel widths. 

2.2.1.3 Subsequent Research Prior to 1965 National Building Code of Canada 

1960 - DiStasio and van Buren (1960) deveIoped a model for combining the effects of 

axial load and unbalanced moment transferred to the column(s). They proposed that the 

slab-column connection transferred a portion of the unbalanced moment through vertical 

shear stresses dong a critical section located at a distance d fiom the column periphery. 

The vertical stresses due to moment transfer were simply superimposed upon those due to 

axial load, as shown in Figures 1.6 a), 1.7 a) and 1.8. 

The vertical shear stresses were calculated by equation (2-6). 

A(-, = areaofthecriticalsectionatdfiomthe~ceofthecolumn 
= 2(c, + c, + 4d)t 

cl = column dimension perpendicular to the moment axis 
cz = column dimension parallel to the moment axis 
d = effective slab depth 
Jtd) = section property of the critical section (at d from the fhce of the column) 

analogous to the polar moment of inertia 
= (c, + 2d)3t 16 + (c, + 2d)t3 16 + (c, + 2d)'(c2 + 2d)t 1 2 

ml = moment across a portion of the critical section producing the maximum working 
stress in the steel or the concrete 



m2 = moment across a portion of the critical section producing the maximum working 
stress in the steel or the concrete 

M = bending moment due to applied load 
n = modular ratio 
t = depth of the slab 
v = shear stress due to applied load 
V = shear force due to applied load 
p = f l e d  reixlforcement ratio 

The moments, ml and m2, are defined as the moments across portions of the critical 

section, in the same direction as M, which produce the maximum working stress in the 

steel or concrete. The amount of moment transferred is the moment in excess of 

(ml + m2). 

The authors included the term [I+ (n - I ) ~ ] "  to incorporate the effects of dowel action 

due to the flexural reidorcement that crossed the failure surkce. 

DiStasio and van Buren proposed to h i t  the allowable vertical shear stress, v,, to 

0.03f: for design. 

1961 - Moe (1 961) reported on a series of 43 isolated slab-column comections, in 

conjunction with data assimiIated from virtually all previous publications; 260 slabs and 

footings in total. Using equation (2-7) as an arbitrary definition of v, a statistical survey 

yielded equation (2-8) for the nominal shear strength. 



An alternate form of equation (2-8) was given by equation (2-8a). 

1.25(1- 0.075 c / d ) E  
v,, = 

1 . 7 6 a c d  
l +  r, 

c = dimension of a square column 
fCt = 28-day compressive cylinder strength 
v,, = nominal shear strength of the connection 

Moe's investigation identified a new parameter, c/d, and refined the effect of the 

compressive cylinder strength to c. 
Moe used equation (2-9) to combine the vertical shear stresses at the periphery of the 

column due to concentric and unbalanced loads. 

A(ol = area of the critical section at the face of the column 
= 2(c, + c, )d 

4) = section property of the critical section (at the face of the column) analogous to the 
polar moment of inertia 

= $dl6 + c:c,d/2 

y, = fiaction of unbalanced moment resisted by shear stresses 

The term y, is the portion of the unbalanced moment resisted by shear stresses. Moe 

presumed that M u r e  would occur when the rmximum vertical shear stress, v, given by 

equation (2-9) exceeded v,, given by equation (2-a), or (2-8a). Using this correlation, he 

experimentally solved for y,, which could be conservatively taken to equal 0.33. 

1962 - ACI-ASCE Committee 326 (1962) concluded a ten-year study concerned with 

the shear strength of slabs and footings. The committee's aim was to develop design 

equations and/or specifications suitable for codification. 



Publications submitted prior to 1962 were d y  concerned with accurately identifling 

the parameters that influenced the shear strength. Equations (2-7) and (2-8) by Moe 

(1961) were reputed to be the most reliable. However, Moe's expressions did raise some 

concerns fiom committee members: 

i) Derivation of Ga using yield line theory is cumbersome. Furthermore, 

equation (2-8a) reveals that a significant increase in @ex will only cause a 

marginal rise in strength. 

ii) An interior wall typiiies a large c/d ratio. Large c/d ratios tend to cause v,, as 

given by equation (2-8) or (2-8a) to approach zero, and even turn negative. 

iii) A thick slab can withstand a substantial concentrated load. Equation (2-7) 

suggests that V approaches zero as the loaded area diminishes. 

To alleviate these concerns, the committee sought to refine Moe's equations. Figure 2.1 

best exemplifies their efforts. 

Figure 2.1 shows the results of 1 98 documented tests that fded in shear, against equation 

(2-8) (for Do = 0.3 and a, = 1.0). 
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Committee 326 (1962) 

For shear failure, Kheor must be less than be,, which limits Q0 to a maximum value of 

1.0. For (Do = 1.0, equation (2-8) does not conservatively represent the entire collection 

of test data In lieu of equation (2-8), Committee 326 proposed equation (2-1 O), which 

better accommodates the test data. 

In terms of design, equation (2-1 0) is much more convenient than equation (2-8). 

However, its use is still restricted. The dimension, c, is not easily defined for irregular 

shaped columns, nor does it adapt well to adjacent slab openings. To avoid these 

restrictions, Committee 326 mathematically rearranged equations (2-7) and (2- 1 0). An 

arbitrary shift in the location of the critical section generated an alternate pair of 



expressions. Equations (2- 1 1) and (2-12) differ in form, but reflect an equivalent 

capacity. 

b(&, = perimeter of the critical section taken at d/2 from the fkce of the column 
(or loaded area). 

Committee 326 also re-analyzed the results of 25 tests previously reported by Moe 

(1961), Hanson and Hanson (1 968), and Frederick and PoIlauf(1962). The committee, 

like DiStasio and van Buren (1 960), and Moe, presumed that a portion of the unbaIanced 

moment was transferred to the column through vertical shear stresses. They distributed 

these stresses in direct proportion to the distance from the centroid of the critical section. 

Using a statistical analysis, the committee sought to define an accurate location for the 

critical section, determine the significance of dowel action, and estimate values for the 

nominal shear resistance and the fiaction of unbalanced moment transferred by shear. 

The committee found that the resultant stress was most accurately defined by equation 

(2-13), and that Mure would not occur until the stress exceeded the nominal shear 

strength, v,, given conservatively by 0 . 3 3 a  (MPa). 

A(&, = area of the critical section at d/2 fiom the face of the column 
= 2(c, +c, + 2d)d 

4d/2) = section property of the critical section (at d/2 fiom the face of the column) 
analogous to the polar moment of inertia 

= 2 [d(c, + d).'/12 + (c, + d)d3 11 2 + (e2 + d)d(c, /2 + d/2)2] 

y, =: 0.2 



2.2.1.4 1965 National Building Code of Canada 

Relevant code requirements taken from the "National Building Code of Canada 1965, 

Part 4 - Design, Section 4.5 - Plain, Reinforced and Prestressed Concrete", that 

signXcant1y amend CSA Concrete Design Standard, "A23.3- 1959", are listed below: 

i) Ultimate strength design (USD) is introduced as an alternative to working 

stress design (WSD). As the eventual successor to working stress design, only 

ultimate strength design will be referenced in these amendments. 

ii) A slab must meet two requirements in terms of shear. The slab must be 

checked as a wide beam, the width extending between centrelines of adjacent 

middle strips. The slab must also be checked for localized punching around a 

loaded area or support. 

iii) As a wide beam: 

a) The maximum shear load need not exceed that calculated at a distance d 

from the face of the support. 

b) The factored shear stress, vfi, is calculated according to equation (2-1 4) 

b = width of slab between centrelines of adjacent middle strips 
d = effective slab depth 
vh = shear stress due to factored loads (USD) 
Vfi = shear force due to factored loads (USD) 

c) The fkctored resistance due to the concrete, v,,, is considered to be a 

function of f i  rather than f,' , and shall not exceed 0 . 1 7 4 E  m a ) ,  

where # is a reduction factor applied to the resistance. 



iv) In terms of localized punching: 

a) The critical section has been shifted to d/2 fiom the periphery of the 

concentrated load or reaction area. 

b) The factored shear stress, v ~ ,  is calculated according to equation (2-1 5). 

lqdn, = perimeter of the critical section taken at d12 fiom the face of the 
column 

c) The factored resistance &om the concrete, v,,, shall not exceed 

0 . 3 3 4 4 z  W a ) .  

v) If the hctored shear stress, vfi, exceeds-the .&tored .concrete.strength,-v,, .the 

excess stress can be resisted by shear reinforcement, in the form of stirrups, 

bent-up bars or both. The factored resistance due to shear reinforcement, v,,, 

is given by equation (2- 1 6). 

v,, = factored shear strength of the concrete (USD) 
v,, = factored shear strength of the shear reinforcement (USD) 

vi) The area of shear reinforcement is calculated according to equations (2- 17a) 

and (2-17b). 

A,, = vabs/[@ f, sin a] (wide beam) (2- 1 7a) 

where f, is limited to 345 MPa for a wide beam and 172.5 MPa for punching. 



A, = area of one row of shear reinforcement 
f, = yield strength of the shear reinforcement 
s = spacing between rows of shear reinforcement 
a = angle of the shear reinforcement fiom the longitudinal reinforcement 
4 = reduction factor applied to the resistance 

vii) Shear reinforcement is not considered effective in slabs (or drop panels) less 

than 250 mm thick. 

viii) When shear reinforcement is used, the factored shear strength of the 

connection, v,, shall not exceed 0.8344 fc' (MPa) for wide beams, or 

0 . 5 0 4 f i  w a )  for punching. 

ix) An increase in the factored shear stress is caused by unbalanced moments and 

shall be considered in the design of the slab-column connection using a 

rational analysis. (However, the code does not provide any direction in this 

regard.) 

x) Provisions for openings and lightweight aggregate are introduced (but will not 

be reiterated as they do not f d  within the interests of this report). 

2.2.1.5 Subsequent Research Prior to CSA Concrete Design Standard A23.3-1973 

1968 - Hawon and Hanson (1 968) conducted a series of tests on 17 isolated specimens, 

subjected to both axial load and unbalanced moment. The authors amalgamated their 

results with the results reported by Moe (1961) on a series of ten isolated specimens. The 

objective was to identifl a preferred design method of calculating the capacity of slab- 

column connections exposed to combined loads. They compared models previously 

proposed by DiStasio and van Buren (1960), Moe (1 96 I), and ACI-ASCE Committee 

326 (1962). 

Hanson and Hanson found that equation (2- 13) by ACI-ASCE Committee 326 provided 

the best correlation with the experimental data, but onIy once y, was revised to 0.4. 



1970 - Herzog (1 970) conducted a statistical review of data from 217 tests on 

unreinforced and reinforced (stirrups or inched bars) footings and slabs. He suggested 

that the only significant variables were the tensile strength of the concrete, given in tern 

of E, which was influenced by the extent of flexural reinforcement, given by pf,, and 

the amount of shear reinforcement, which was only partially effective. 

Herzog presented the following empirical relationships: 

v, = 0.394 f, sin a / [4 (c  + d)s] 

A, = area of one row of shear reinforcement 
c = dimension of a square column 
d = effective depth of the slab 
fCr = 28-day compressive cylinder strength 

f, = yield strength of the flexural reinforcement 
f, = yield strength of the shear reinforcement 
L = length of the span between supports 
v = shear stress due to applied load 
V = shear force due to applied load 
v, = nominal shear strength of the concrete 
v, = n o d  shear strength of the shear reinforcement 
s = spacing between rows of shear reinforcement 
a = angle of the shear reinforcement from the longitudinal reinforcement 
p = flexural reinforcement ratio 



1970 - Mast (1970) conducted an d y t i c a l  study to predict the stress distriiution along 

the critical section caused by an unbalanced moment. The study utilized the flexural 

theory of elastic plates, which predicted the following trends: 

i) The magnitude and distribution of flexural stresses and shear stresses (both 

horizontal and vertical) are a hc t ion  of the aspect ratio, bl/b2, of the critical 

section. The term, bl, is the length of the critical shear section in the direction 

perpendicular to the moment axis, and bz is the length parallel to the axis. 

ii) The distri'bution of vertical shear stresses is not in direct proportion to the 

distance fiom the centroid of the critical section, as suggested by other 

authors. 

iii) The straight-line shear stress distribution could be adapted, for bl/b2 2 1.0, to 

conservatively predict the shear capacity of the connection, provided the 

factor y, was suitably proportioned with the aspect ratio. For bllbzcl .O, 

alternate methods for predicting the shear stress distribution should be 

employed. 

Mast's stress distribution is shown in Figure 2.2. 

1971 - Hawkins, Fallsen and Hinojosa (1 971) tested nine concentrically loaded isolated 

slab-column specimens, where the prime variable was the aspect ratio of the column. For 

a critical section at dl2 fiom the h e  of the column, the authors discovered the 

relationship given by equation (2-2 1). 

b, = short length of the critical shear section 
br = long Iength of the +critical shear section 



Figure 2.2 - Mast's Stress Distribution along a Critical Section - Mast (1970) 

1970 - Zaglool and dePaiva (1970) tested eleven isolated slab-column comer 

connections. The specimens were subjected to either axial load only, bending only, or a 

combination of the two. The authors arrived at the following conclusions: 

9 The effect of the c/d ratio, at least for corner columns, is more pronounced 

than that W s h e d  by taking the critical section at d/2 fkom the face of the 

column. 

ii) An increase in the M r a t i o  causes a slight reduction in the shear strength. 

The interaction between shear and moment in terms of the capacity of the connection is 

non-linear. It resembles the plot of experimental data shown in Figure 2.3. 



Experimental Data 

V/V,+M/M,= 1 7 7 

MIM, 1.0 

Figure 2.3 - Shear-Moment Interaction Diagram - Zaglool and dePaiva (1970) 

1973 - Long (1973) presented a theoretical method of analysis to predict the capacity of 

slab-column connections subjected to combined shear and moment transfer. The analysis 

was based on small deflection thin plate theory. The author validated the method by 

comparing it to experimental results reported by Moe (1961), Elstner and Hognestad 

(1 956) and Hanson and Hanson (1 968). 

Long's procedure, though tedious (and therefore, will not be reiterated in this text), not 

only daerentiated between various modes of fidure, but also predicted the capacity of a 

connection with more accuracy than the then current North American codes. Four modes 

of fhilure were proposed: 

i) Compression Mure, where the compressive strength of the concrete (in the 

compression mne) is exceeded. 

ii) Shear Mure, where the column punches through the slab prior to any flexural 

deformation. 



iii) Combined shear and flexural Mure, where moderate flexural deformations 

precede punching. 

iv) Flexural failure, characterized only by large flexural deformations and no 

secondary punching. 

Long suggested the capacity of slab-column connections is significantly dependent on the 

flexural strength, especially for traditional levels of reinforcement. 

2.2.1.6 CSA Concrete Design Standard A23.3-1973 

Relevant code requirements, taken fiom CSA standard "A23.3-1973, Code for the Design 

of Concrete Structures for Buildings" that significantly amend CSA Concrete Design 

Standard, "A23.3 - 1 970", are listed below. 

The punching requirements in CSA Standard "A23.3-1970" remained wchanged fiom 

those specified in the 1965 edition of the "National Building Code of Canaday'. 

Both ultimate strength design (USD) and working stress design (WSD) are included in 

"A23.3- 1973". Only ultimate strength design will be referenced in the following 

amendments. 

i) The load factors used in USD have been modified. 

ii) The rn.aximum specified yield strength of reinforcing bar used as shear 

reinforcement has been increased to 4 14 MPa. 

iii) As a wide beam, no changes have been made in the calculation of vfu and vu. 

iv) In terms of localized punching, ifvh exceeds v,., where v, = 0 . 3 3 ( a  

(MPa), v,, is calculated by equation (2-22). 



v,, = factored shear strength of the concrete (USD) 
v,, = factored shear strength of the shear reinforcement (USD) 
V& = shear stress due to factored load (USD) 

v) If shear reinforcement is required, the maximum spacing is limited to d/2. If 

v, exceeds 0 . 3 3 a  (MPa) the maximum spacing shall be reduced to d/4. 

vi) Welded wire fiibric has been included as an alternate material for shear 

reinforcement. 

vii) The requirement that slabs must be at least 250 mm thick before shear 

reidorcement can be considered effective has been deleted. 

viii) Shear stresses caused by a transfer of unbalanced moment between the slab 

and the column shall be taken as varying linearly about the centroid of the 

critical section. The hction of the unbalanced moment, y,, transferred by 

shear stresses is given by equation (2-23). 

2.2.1.7 Subsequent Research Prior to CSA Concrete Design Standard A23.3-1977 

1974 - Criswell(1974) tested eight fuil-scale, concentrically loaded, isolated, slab 

column connections and a single one-quarter scale, nine-panel slab model, The primary 

variables were the c/d ratio and the flexural reinforcement ratio. The author stated that 

identification of a distinct division between flexural and shear modes of fbiiure is 

difficult. The transition fiom brittle to ductile response occurs gradually as the flexural 

strength is reduced. This phenomenon is illustrated in Figure 2.4. 



- 
4o = V-IVm 

1 V-,= Force at Shear Failure in Test 
, @,,= .80 

\In,, = Force Causing Flexural Failure 
as Calculated by Yield Line Theory 

, +,,= .85 o VG = Force Causing General Yielding 

u m V, = 1.20 V, (Assumed) 
0 
J 

Cunres for Decreasing 
Reinforcement Ratio 

Deflection 

Figure 2.4 - Effect of Flexural Reinforcement Ratio on Resistance - Criswell(1974) 

1974 - SLnilar to the efforts of Moe (1961), Hawkins coordinated a full-scale rsview of 

all findings to date. The review produced several concurrent publications penned either 

independently by Hawkins, or in conjunction with co-authors (Criswell, M.E. (1 974), 

Hawkins, N.M. (1974a), Hawkins, N.M. (1974b), Hawkins? N.M., et al. (1974)). Each 

publication isolated specific aspects on the performance of slab-column connections. Of 

particular interest to this report are those publications that dealt with the following topics: 

i) Concentrically loaded connections without shear reinforcement; CrisweU, 

M.E. (1 974); Hawkins et aL (1 974). 

ii) Eccentrically loaded co~ections without shear reinforcement; Hawkins 

(1 974b). 

iii) Concentrically and eccentrically loaded connections with shear reinforcement; 

Hawkins (1 974a). 



The authors reached the following significant conclusions: 

i) To accurately predict the response of a connection in terms of strength and 

ductility, code committees need to adopt a model that interprets the 

relationship between shear and bending capacities. 

ii) The effects of slab continuity are uncertain. A comparison of the results from 

tests on isolated specimens with full-scale continuous h e s  is needed to 

demonstrate the consequence of confinement. 

iii) Current North American code provisions realistically estimate the shear 

capacity of concentrically loaded connections for square columns and 

2 < c/d 5 8, but do not ensure ductility. 

iv) Concentrically loaded circular columns are stronger than square columns with 

the same cross-sectional area. Concentrically l~aded rectangular columns 

with aspect ratios less than 2 are weaker than square columns. The strength 

can be accurately predicted using equation (2-24). 

c, = short column dimension 
c1 = long column dimension 
fC1 = 28-day compressive cylinder strength 
v, = nominal shear strength of the concrete 

v) For filess than 30 MPa, the shear capacity of a connection is a function 

o f f l  . For ff greater than 30 MPa, the capacity is a function of f: to a 

power closer to 1 /3. 

vi) Prestressing increases the shear capacity of a slab-column connection as 

predicted by equation (2-25). 



b(dnl = perimeter of the critical section at d/2 fiom the fhce of the column 
S, = in-plane stress in concrete due to prestressing force 
h = depth of the slab 
Vp = vertical component of prestressing force 

vii) The tributary area loading a column is best-determined using yield-line 

theory. 

viii) The use of continuous bottom flexural reinforcement through the column 

provides secondary resistance after punching. If properly detailed, the 

reinforcement acts as a "suspension net" in the prevention of progressive 

collapse. 

ix) When properly detailed, bent bars and stirrups can effectively increase the 

shear capacity of thin (h < 250 mm) slabs. 

x) To ensure a properly reinforced connection, the shear resistance must exceed 

the stress at critical sections located at d/2 corn the column face and at d/2 

beyond the limits of the shear reinforcement. Beyond the limits of the 

reinforcement, the punching capacity is given by equation (2-26). At the 

column, the capacity is given by equation (2-27). 

A, = area of one row of shear reinforcement 
d = effective depth of the slab 
f, = yield strength of the shear reinforcement 
s = spacing between rows of shear reinforcement 
v, = nominal shear strength of the connection 
a = angle of the shear reinforcement fiom the longitudinal reinforcement 



xi) A suitable limit for the contribution to the punching strength provided by the 

reinforcement is 0 . 6 6 a  (ma). 

xii) The maximum spacing for stirrups, s, should not exceed dl2. Bent down bars 

should start no M e r  than d/2 fkom the hce of the column. Shear 

reinforcement must extend at least 3dl2 from the column perimeter. 

xiii) Existing data on the strength of connections subject to unbalanced loads is 

insufficient to verrfjr code recommendations, especially in terms of edge and 

comer columns. Variations in a, (given as p fy / fCr ) in the vicinity of the 

column, the W r a t i o ,  fc' and the c/d ratio may result in either conservative 

or unconse~ative estimates of the punching strength. 

1974 - ASCE-ACI Committee 426 (1974) concluded a study of all investigations 

conducted following publication of the findings by its antecedent committee in 1962. As 

one might expect, the committee concluded in close agreement with recent 

documentation published by its chairman, Hawkins. In addition to the findings itemized 

by Hawkins and his colleagues (Criswell, M.E. (1 974); Hawkins, N.M. (1974a); 

Hawkins, N.M. (1 974b); Hawkins, N.M., et al. (1974)), the committee concluded that 

flexural reinforcement within the confines of a column strip c + 3h wide is effective in 

transferring the portion of unbalanced moment not transferred by vertical shear. 

1976 - Langohr, Ghali and Dilger (1 976) conducted a series of tests on six 

concentrically loaded isolated interior slab-colwnn specimens. The only variable was the 

extent of shear reinforcement provided by short segments of wide flange beams 

distributed about the periphery of the critical section. The authors reached the following 

conclusions: 

i) The shear reinforcement improved the strength and ductility of the 

connections. 



ii) For the layout of shear elements selected for the investigation, the resistance 

of the wide flange segments was not l l l y  effective (i.e., the webs of the 

elements bridging the fhilure surface did not always yield). In that regard, the 

contriiution fiom the steel component to the design capacity of the connection 

is limited, as suggested by equation (2-28c). 

A, = total cross sectional area of the shear reinforcement 
V, = nominal shear force resisted by the concrete 
VS = nominal shear force resisted by the shear reinforcement 
y/U = shear force due to factored load (USD) 
,6 = fhctor to account for the effectiveness of shear reinforcement = 0.75 

(0.6 for design) 
# = reduction actor applied to the resistance (USD) 

iii) The wide flange segments most effective in resisting load were those located 

near the corners of the column within a strip defmed by the column 

dimensions. 



1977 - Andrae (1977) investigated the use of alternate forms of shear reinforcement to 

improve the strength and ductility of the slab-co1umn connections. Andrae tested six 

concentrically loaded isolated specimens. In an effort to improve the economics of the 

shear reinforcement, he chose three types that would not hinder placement of the flexural 

reinforcement. 

i> looped reinforcing bars 

ii) short segments of wide flange beams 

iii) headed studs 

Two types of headed studs were used; commercially available Nelson studs (with a 

relatively small ratio of head diameter to shaft diameter) and studs fabricated in-house 

(with a relatively large ratio). 

Andrae found that although both the wide flange segments and headed studs served to 

improve the strength and ductility of the connection, the wide £lange segments proved 

more effective due to superior anchorage provided by the h g e .  

Andrae proposed the following design equations for the punching capacity: 

Vc is given by equation (2.2%). Vs is given by equation (2-28c). 

y, =1 for V'1 1.25Vc. 

(1.25 Vc - VU) 
for 1.25Vc<Vu,<1. 75Vc. 

p = 0.40 for headed studs 
p = 0.85 for wide 5nge  segments 
y, = calibration coefficient 



2.2.1.8 CSA Concrete Design Standard A23,3-I977 

Relevant code requirements taken fiom CSA standard "CAN3-A23.3-M77, Code for the 

Design of Concrete Structures for Buildings" that significantly amend CSA standard 

"A23.3-1973" are listed below: 

i) Working stress design (WSD) has been deleted from the code. Only ultimate 

strength design (USD) remains. 

ii) The effect of the column aspect ratio on the strength of a slab-column 

connection has been introduced in t e r n  of equation (2-30). 

f,' = 28-day compressive cylinder strength 
v, = nominal shear strength of the concrete 
PC, = ratio of the short side to the long side of the column (or loaded area) 

2,2.1.9 Subsequent Research Prior to CSA Concrete Design Standard A23.3-1984 

1978 - Dilger, Elmasri and Ghali (1978) conducted a series of tests on six isolated 

interior slab-column specimens subjected to unbalanced moments. Variables were the 

rate of loading (which is reviewed in Section 2.3.1. I), the amount of flexural 

reinforcement and the concentric load, V. The authors concIuded that the presence of 

shear reinforcement could significantly increase the shear strength of a connection. In the 

event that shear reinforcement causes the shear strength to exceed the flexural strength, 

the ductility and energy absorption capacity will also be siflcantly enhanced. 

1979 - Hawkins and Mitchell (1 979) examined the elements affecting the initiation and 

propagation of progressive collapse in flat slabs. They discovered that the majority of 

collapses were initiated by a punching failure, usually at an interior column, followed by 

the inability to transfer unbalanced moments at adjacent connections. The focus of the 

investigation was to evaluate possible safeguards against the problem. 



Possible precautionary measures include the use oE 

i )  higher live loads 

ii) shear reinforcement 

iii) bottom flexural reinforcement 

iv) a tensile membrane 

The authors concluded that a tensile membrane, incorporating continuous bottom 

reinforcement over the columns to create a suspension net, provided the best protection. 

The membrane could be designed in accordance with equation (2-3 1). 

W =  
2T' sin & 2TY  sin(^, & / L ~  ) + , for edge connections 

Lx LY 

w = 2 ~ :  & l L, + 2 ~ :  L, ,/q/ L: , for interior connections 

w = uniform load 
Tx = tensile force per unit length in the x-direction at an edge column 
T: = tensile force per unit length in the x-direction at an interior column 
Ty = tensile force per unit length in the y-direction at an edge column 
7': = tensile force per unit length in the y-direction at an interior column 

gx = membrane strain in the x-direction 
L, = length of the span in the x-direction 
L, = length of the span in the y-direction 

The authors considered the use of integral stirmps as a plausible, yet cumbersome 

solution, due to the Wculties associated with placing the stirmps. 

1980 - Seible, Ghali and Dilger (1 980) continued the work by Andrae (1 977). They 

tested seven concentrically baded isolated specimens, varying the type of shear 

reinforcement (short segments of wide flange beams, shear studs and welded wire mesh), 



the amount and distribution of the reinforcement and the head diameter on the studs. The 

authors reached the following conclusions: 

i) Wide flange segments performed better than other types of shear 

reinforcement due to superior anchorage provided by the flanges. 

ii) Shear studs also performed well when the head diameter was not less than 4 

times the shaft diameter. 

iii) Individual elements arranged in rows, within the confines of the column 

dimensions, can be expected to perform as well as those elements dispersed 

circumferentially about the periphery of the column. 

iv) The first row of shear elements should be positioned no further than dl2 kom 

the perimeter of the column. Additional rows should be spaced between d/2 

and 3dl2 apart. 

1980 - Gesund (1 980) inferred that slab fiiilures could assume a variety of forms; 

widespread failures (throughout large areas of the slab) or localized failures (adjacent to 

the column), each of which could be flexural or shear in nature, in whole or in part. 

Interested primarily in local failures, he categorized them into three modes: 

i) A local flexural failure, where the punching strength of the connection is 

sutficiently high to ensure generalized yielding of the tensile reinforcement in 

the vicinity of the column. 

ii) A local shear fhilure, where the flexural reinforcement ratio is large enough to 

restrict yielding prior to the development of principal tensile stresses in excess 

of the tensile strength of the concrete. Punching, in the form of the familiar 

truncated cone would ensue. 



iii) A local combination Mure, where some f l e d  deformation, but not 

generalized yielding, promotes a punching Mure at a load less than either of 

the other two modes. 

Gesund developed a statistical means of predicting the mode of Mure using the 

dimensionless empirical parameter, Q, given by equation (2-32). 

p~ = p , when the bottom reinforcement is continuous through the column 
p, = p + p', when the bottom reinforcement is not continuous through the column 

b(o)= perimeter of the critical section taken at the face of the column 
B = perimeter of the portion of slab contributing load to the column as determined 

using yield-line analysis 
d = effective depth of the slab 
f,' = 28-day compressive cylinder strength (MPa) 
f ,  = yield strength of the flexural reinforcement 
Q = dimensionless parameter used to predict the mode of failure 
p = flexural reinforcement ratio of top mat 
4 = flexural reinforcement ratio of bottom mat 

If Q is less than 2, local flexural Mure will occur. If Q is greater than 4, the probability 

of lacd shear M u r e  predominates. The ambiguous zone is when Q ranges between 2 

and 4; the likelihood of either mode of fidure is about equal. 

1981 - Dilger and Ghali (1981) conducted a review of the findings presented by co- 

workers (Andrae, H.P. (1977); Dilger, W.H., et al. (1978); Langohr, P.H., et al. (1976); 

Seible, F., et al. (1980); Van der Voet, A.F., et al. (1980)) on the effectiveness of shear 

studs and developed the following set of equations suitable for codification. 

vc = 0.1 7[1+ (2/3Pc)(4 - a, )m (without shear reinforcementy m a )  (2-36b) 



v, = 0.17[1+ (1/3flC)(4 - as )m (with shear reinforcement, m a )  

vfu = shear stress due to factored load (USD) 
v, = nominal shear strength of the shear reinforcement 
PC = ratio of the long side to the short side of the column 

The authors also proposed specifications regarding stud dimensions and spacing 

requirements. 

i) For suitable anchorage, the diameter of the anchor head on a shear stud shaU 

result in a projected bearing area at least of 10 times the area of the shaft. 

Lesser diameters require a proportional reduction in the available strength. 

For (vs+ v,) >0.5 a (MPa), d/41 s, s 0.35d and ss  d/2 

so = distance between the column face and the first row of shear 
reinforcement 

1982 - Van der Voet, Dilger and Ghali (1 982) continued to test shear studs as a suitable 

means of shear reinforcement. The authors tested seven concentrically loaded I11-scale 

isolated specimens. Variables included the total capacity of the shear studs (the product 

of the total cross sectional area and the yield strength) and the number and distribution of 

the individual elements. The authors reached the following conclusions: 

i) The capacity of the concrete diminishes as the critical section shifts away 

fkom the column, as given by equation (2-33). 



vc = 0.33 [I- (a, - 1)/6m 2 0.1 7a w a )  (2-33) 

a, = distance between the column b e  and the critical section divided by d 
v, = nominal shear strength of the concrete 

ii) In the shear reinforced zone, cracks in the concrete are inclined at 

approximately 45" fiom the flexural reinforcement, prompting equations 

(2-34) and (2-35). 

v, is given by equation (2-33). 

A, = area of one row of shear reinforcement 
bcdnl = perimeter of the critical section at d/2 Eom the face of the column 
f, = yield strength of the shear reinforcement 

= nominal shear force resisted by the concrete 
Vn = nominal shear force resisted by the connection 

= nominal shear force resisted by the shear reinforcement 
s = spacing between rows of shear reinforcement 

iii) Shear reinforcement in the form of shear studs effectively increases the 

nominal shear strength resisted by the connection, v,, in excess of that allowed 

by CSA standard "CAN3-A23.3-M7T', at 0 . 5 0 c  @Pa). 



2.2.1.10 CSA Concrete Design Standard A23.3-1984 

Relevant code requirements taken fiom CSA standard "CAN3-23.3-M84, Design of 

Concrete Structures for Buildings" that significantly amend CSA standard "CAN3- 

A23.3-M77" are listed below. 

i) Ultimate strength design (USD) has been replaced by ultimate limit states 

design (LSD). Changes include: 

a) a reduction in the load factors 

b) the introduction of a bad combination fkctor, 'Y, and an importance 

fkctor, y. 

c) a switch fiom a capacity reduction factors, 4, based on the probability 

of, and risk associated with, different modes of Mure, to resistance 

fhctors, #c and &, which segregates risk and probability in terms of 

construction materials, as well as Wure modes. 

ii) The shear resistance of beams can be determined in accordance with either the 

"simplified method", which is virtually identical to that in "CAN3-23.3-M77", 

or the "general method", which (using a truss analogy) accounts for the effects 

of strain due to bending and axial load. In terms of flat slabs, the existing 

simplified version (with minimal amendments to accommodate the change 

kom (to #c and g),) continues as the only means of evaluating the shear 

strength of the connection. 



iii) Stirmps and shear studs have been accepted as suitable means of providing 

shear reinforcement. Connections reinforced with shear studs shall be 

designed in accordance with the procedure introduced by Dilger and Ghali 

(1 98 1). 

iv) The width of slab considered effective in transferring unbalanced moments by 

flexure is no longer specified. 

2.2.1.11 Subsequent Research Prior to CSA Concrete Design Standard A23.3-1994 

1987 - Elgabry and Ghali (1987) conducted a series of five tests on I11-scale interior 

isolated specimens. The specimens were subjected to both concentric loads and 

unbalanced moments. The intent of the series was to substantiate the procedure, 

presented by Dilger and Ghali (1 98 1) (and recommended in CAN3-23.3-M84), for the 

design of shear stud reinforced slab-column connections. The procedure had been 

limited to concentrically loaded connections. The authors verified the procedure as 

suitable for connect ions exposed to unbalanced moments, without any adaptation to the 

design equations. 

1992 - Ghali and Hammill (1992) compare the effectiveness of shear studs versus 

stirrups. They recommend that the shear capacity of the concrete can be increased fiom 

0.17 fi (MPa) to 0.25 f i  (MPa) to account for the efficiency of shear studs when 

expressed in terms of equation (2-36d). 

2.2.1.12 CSA Concrete Design Standard A23.3-1994 

Relevant code requirements taken fiom CSA standard "A23.3-94, Design of Concrete 

Structures" that significantly amend CSA standard "CAN3-A23.3-M84" are listed below: 

i) For unreinforced sections, the concrete strength is given by the smallest of 

equations (2-37a), (2-37b) and (2-37c). Equation (2-37a) reflects the effects 



of the column aspect ratio, whereas equation (2-37b) attests to the variation in 

strength with proximity to the column. 

b(dnl = perimeter of the critical section at d/2 fiom the face of the column 
d = effective depth of the slab 
f = 28-day compressive cylinder strength 
v,, = factored shear strength of the concrete (LSD) 
a, = distance between the column face and the critical section divided by d 

= ratio of the long side to the short side of the colu~nn 
#++ = material resistance factor for concrete 
A = concrete density factor 

ii) For reinforced sections, the resistance of the shear reinforcement is given by 

equation (2-38). 

A, = area of one row of shear reinforcement 
fyy = yield strength of the shear reinforcement 
s = spacing between rows of shear reinforcement 
v, = factored shear stress resisted by the shear reinforcement (LSD) 
4s = material resistance factor for steel 

The superior performance of shear studs, relative to stirrups, is indirectly 

expressed by an increase in the resistance offered by the concrete- 



The performance of shear studs is also characterized in the limits of the load 

applied to the connection. 

v , ,  S 0 . 8 ~ 4 ~  fi (studs; MPa) (2-40a) 

v,,, I 0 . 6 ~ 4 ~  f i  (stirrups; MPa) (2-40b) 

vr,- = upper limit for the fkctored shear strength of the connection (LSD) 

iii) The placement of shear studs shall be along concentric lines, which pardel 

the perimeter of the column cross-section. 

2.2.1.13 Research Since CSA Concrete Design Standard A23.3-1994 

1996 - Sherif and Dilger (1 996) orchestrated a review of CSA standard "A23.3-94" by 

comparing the code provisions with published test data. The authors presented several 

concerns regarding the effect of various parameters that were either disregarded or 

inaccurately represented in the code. Underestimating the effects of the parameters could 

possibly lead to unconsewative estimates in strength. They found the shear strength of 

unreinforced comections (with respect to shear) to be a fbnction of the following 

parameters. 

i) the cube root of the compressive cylinder strength, 

ii) the tensile flexural resorcement ratio 

iii) the column aspect ratio 

iv) the ratio between the length of the perimeter of the criticaI section and the 

effective depth 



v) the distance of the critical shear section fkom the perimeter of the column 

cross-section 

vi) the thickness of the slab 

The relationships are best described by equations (2-4 1 a) to (2-4 1 e). 

b(dal = perimeter of the critical section taken at d/2 fiom the face of the column 
d = effective depth of the slab 
f'' = 28-day compressive cylinder strength 
v, = nominal shear strength of the concrete 
a, = distance between the column face and the critical section divided by d 
f i  = ratio of the long side to the short side of the column 
p = flexural reinforcement ratio 

The authors do not infer as to the cumulative effects of the parameters. 

Recognition is given to findings by Regan (1 98 1) and Gardner (1 990), which preceded 

the work by Sherifand Dilger. The earlier publications suggested expressions for the 

shear strength of the connection, which included the term The term can also be 

found in the relevant section of British standard BS8 1 1 0 ( 1 985). 



Sherif and Dilger also found that the portion of unbalanced moment transferred by 

vertical shear varied with the tensile flexural reinforcement ratio as given by equation 

(2-42). 

y, = fiaction of unbalanced moment resistance resisted by shear stresses 

Although the work by Sherif and Dilger is not the most current review on the strength of 

interior slab-column connections (loaded monotonically), it is a fitting conclusion to this 

section. Recall that the section was intended to provide the reader with a comprehensive 

review of the research that led to the development of the current CSA code provisions. 

CSA A23.3-1994 is the most recent edition, and in that regard, their findings suggest that 

ongoing experimentation will undoubtedly serve to enhance f h r e  provisions. 

2.2.2 Other Empirical Models 

Over the years, CSA provisions have successfblly evolved to allow the engineer to 

currently design slab-column systems for a multitude of conditions. The model, though 

empirical, is relatively accurate and straightforward. However, the role of research is to 

ever improve the state-of-the-art. Consequently, researchers have often proposed 

alternative models to supplant the existing provisions. The alternate proposals may be 

either empirical or mechanical. Like the current CSA model, other empirical models 

generally evolve fiom experimentation and consist of a series of equations or procedures 

used to reflect the response of a structural element to loads. They generally reflect the 

parameters that significantly affect the capacity of the connection and rarely reflect the 

mode of fkilure. On the other hand, mechanical models often start on a theoretical 

"drawing-board". The theoretician uses mechanical phenomena to descrii not only the 

capacity, but other relevant information as well. This information might include modes 



of failure, ductility, energy dissipation and a multitude of other issues useful to the design 

engineer. 

In an effort to look beyond the archetypical mold adopted by the most code committees, 

this section presents two alternate models. Both models are empirical (or semi-empirical) 

in nature. Both models are beam analogies. Hawkins and Corley introduced the first in 

the mid-seventies. Alexander and Simmonds have recently presented the other to the 

current code committee for consideration in the next edition of CSA A23.3. 

Beam analogies are of particular interest as they have often been argued to be a more 

prudent means of representing the response of slatFcolumn connections (Hawkins, N.M., 

and Corley, W.G., (1971); Zaghlool, E.RF., and DePaiva, H.A.R., (1973); Alexander, 

S.D.B. and Simmonds, S.H., (1992% 1992b); Alexander, S.D.B., (1997)). However, the 

intent of this section is not to promote beam analogies as more suitable alternatives, but 

to examine propositions that unfold £?om independent suppositions used to describe the 

results of experimentation. 

Section 2.2.3 reviews several different mechanical models, with the same intentions. 

2.2.2.1 Hawkins and Corley (Beam Strip Model) 

Hawkins and Corley (1971) proposed a beam analogy that used provisions fiom the then 

current edition of the American Concrete Institute (ACI) concrete design standard, ACX 

3 1 8-71, "Building Code Requirements for Reinforced Concrete". The model simply 

subdivided the slab into beam strips and tributary areas as shown in Figure 2.5. The 

authors presumed non-linear behaviour in the connection by suggesting the following: 

i) Each beam is capable of developing ultimate shear, flexural and torsional 

capacities, and combination thereof; as specsed in ACI standard "3 1 8-7 1". 

ii) Both shear forces and bending moments in excess of shear and flexural 

capacities may be redistributed to adjacent beams. 



For interior comections, Mure was anticipated when the capacity was exceeded in three 

of the four beam. For exterior columns, Mure was expected once the capacity was 

exceeded in each and every beam. 

a) Interior Column b) Edge Column c) Comer Column 

Figure 2.5 - Beam Strip Model - Hawkins and Corley (1971) 

Significant advantages of the analogy include: 

i) the ability to handle unbalanced loads, 

ii) excellent versatility in terms of redistribution of shear forces and bending 

moments. 

Drawbacks include: 

i> six possible combinations of shear, torsion and bending at interior 

connections, each of which must be checked during design (only two possible 

combinations exist at edge and comer connections), 

ii) ambiguity in terms of the mode of failure, 

iii) uncertainty in the distribution of tributary Ioads when concentric and 

unbalanced loads are combined. 



2.2.2.2 Alexander and Simmonds (Modified Beam Strip Model) 

Prompted by the simplicity of the provisions in CSA standard A32.3-M84 (allowing the 

hear distribution of stresses about a critical section and ignoring the influence of 

flexural reinforcement on the punching capacity), Alexander and Simmonds (1987) 

originally proposed a truss analogy as a means of concurrently predicting the ultimate 

capacity and M u r e  mechanism of a slab-column connection. However, subsequent 

investigations (1 992% 1992b, 1997) inspired an amendment of their original analogy. 

Curved compresmreSmon strut 

Figure 2.6 -Modified Beam Strip Model - Alexander and Simmonds (1992) 



An evaluation of the strains dong the flexural reinforcement prompted the adaptation of a 

beam strip model. The semi-empirical model incorporates radial arching action within 

four beam strips (projecting along orthogonal axes fiom each h e  of the column) and 

beam shear action along a critical section (defined by a portion of the interfhce between 

the beam strip and the adjacent quadrants of the slab). Figure 2.6 illustrates the arching 

action and defines the critical section. 

Strip dimensions are defined by the slab thickness, h, the column width, c, and a length, 

L. The length is the distance fiom the face of the column to a position of zero shear at the 

remote end. (Shear is transferred fiom the slab to the arch along the critical section only.) 

Figure 2.7 outlines the loads transferred to one half of the beam strip. Neglecting 

membrane forces, these include: 

i) vertical uniform load (including self weight), q 

ii) shear forces, v 

iii) bending moments (parallel with the interhce), m,, and 

iv) torsional moments (perpendicular to the intefice), rnt 

The resistance of the beam strip is given in terms of bending resistances, M,,, and M,,,, 

and support reaction, P,. 

The authors suggest that the shear forces and torsional moments can be replaced by an 

equivalent line load, w, known as Kirchhoff shear. The vertical load on the beam strip is 

generally smal l  in comparison with the load transferred fiom the quadrant and can be 

neglected. Figure 2.8 shows an equivalent fiee body diagram of the beam strip. 



Center-line of 

Remote End 

v Column End O,SP, 

Figure 2.7 - Free Body Diagram - Alexander and Simmonds (1992) 

Figure 2.8 -Equivalent Free Body Diagram - Alexander and Simmonds (1992) 



The total flexural resistance of the beam strip, Ms, is merely the summation of M,, and 

Mw. Vertical and rotational equilibrium of the fiee body diagram yields: 

Z = loaded length of the radial strip 
Ms = total flexural capacity of the radial strip 
Ps = shear capacity of the radial strip 
w = d o r m  shear load along one side of the radial strip from the adjacent quadrant of 

the two-way plate 

Solving equation (2-44) for I ,  and substituting into equation (2-43) yields: 

The positive and negative moment resistances are given by: 

c = dimension of a square column 
f ,  = yield strength of the flexural reinforcement 
jd = internal moment arm 
M., = negative moment capacity of the radial strip 
Mpm = positive moment capacity of the radial strip 
beg = effective reinforcement ratio in the radial strip due to the top bars 
fi, = effective reinforcement ratio in the radii strip due to the bottom bars 

The reinforcement ratios are calculated for widths defined by the centres of the first bars 

each side of the beam strip. Mp is defined as the minimum positive moment capacity 

between the end of the loaded length, I ,  and the remote end of the beam strip. 



Alexander and Simmonds postulate that punching occurs when the transfer of load dong 

the critical section exceeds either the maximum force gradient in the reidiorcement 

perpendicular to the beam strip or the maxirnum shear stress. The maximum force 

gradient is directly related to the bond strength of the reinforcement and the authors have 

adapted the empirical relationship derived by Morita and Fujii (1 982), which relates the 

maximum line load due to bond failure, wb, to the bond stress at splitting Mure, z,,. 

The dimensionless term, bi7 is given as the smallest of: 

bi = lesser of bsi and bVi 
b,i = non-dimensional parameter to account for the splitting of the concrete cover in the 

plane of the flexural reinforcement 
b,i = non-dimensional parameter to account for the splitting of the concrete cover above 

an individual bar 
d' = concrete cover to the underside of the reinfbrcement bars perpendicular to the 

beam strip 
db = bar diameter of the reinforcement bars perpendicular to the beam strip 
wb = limitation on w due to bond failure of the flexural reinforcement 
s = spacing of the re~orcement bars perpendicular to the beam strip 
r,, = bond stress at splitting fiiilure 

The maximum line load due to shear failure, w,, is taken as the maximum n o w  shear 

stress for one-way shear according to ACI standard 3 1 8-89: 



d = effective depth of the slab 
f,' = 28-day compressive cylinder strength 
w, = limitation on w due to one-way shear failure 

Benefits of Alexander and Simmonds' model include the following: 

i) The model is simple to use, 

ii) The critical section is variable, and in that sense, reflects the variability in the 

angle of an actual Mure surface, 

iii) The capacity of the connection incorporates the influence of flexural 

reinforcement, 

iv) The model accounts for bond failure as well as shear Mure. 

Drawbacks include the following: 

i) The model Iimits the modes of failure to the critical section between the 

adjacent quadrants and the beam strip. The authors acknowledge that Mure 

within the arch is possible, although relatively improbable. However, the 

pyramidal or conical Mure sufaces that occur during punching suggest 

otherwise, and perhaps in this regard, the model requires M h e r  

considerat ion. 

ii) The current stage of evolution does not consider unbalanced loads nor does it 

incorporate shear reinforcement. 

Desayi et a1 (1 997) modified the Alexander and Simmonds approach to 

consider the effects of unbalanced moments at interior, edge and comer 

connections. Siao (1 994) combined the aspects of a strut-and-tie model (for 



the capacity of pile caps) with the Alexander and Simmonds model to 

incorporate the benefits of shear reinforcement. 

iii) The model implies that the capacity of the connection is limited by the ab'ility 

of the slab to maintain a force (or bending moment) gradient. The authors 

suggest that flexural yielding limits the potential to generate force gradients 

and thereby reduces the capacity of the connection. However, a means of 

estimating the extent of the reduction is not addressed. 

This section focused on beam strip analogies. The intent was not to disregard other 

models. However, beam strip models seem to be a hvourite alternative often proposed 

by researchers. Rather than a cursory review of several empirical systems, an in-depth 

review of one type was thought to be more comprehensive. 

2.2.3 Mechanical Modeb 

As briefly eluded to in the previous section, mechanical models generally start with one 

or more suppositions. For example, in describing the flexural response of reinforced 

beams, plane sections are presumed to remain plane and strain hardening in the 

reinforcement is ignored. The objective is to accurately describe the behaviour of the 

structural element using the physical properties of its constituent materials. Depending 

on the amount of information required by the designer, the level of sophistication of the 

model may vary. For instance, if only the capacity of a slab-column connection is 

required, empirical representations generally sate. In the event that the mode of 

Mure, the level of ductility and the ab'ity to dissipate energy are required as well, the 

designer will need to utilize a more intricate model, which is more often than not a 

mechanical representation. 

The process of describing the model mathematically roots out the siflcant parameters. 

The parameters are then checked experimentally, thereby confirmjng (or disproving) the 

accuracy of the model. 



This section reviews four separate: mechanical models. The first three apply to slab- 

column connections. The fourth was originally developed to predict the shear response 

of concrete beams, and in this form serves as a prelude to the theoretical portion of the 

research described in Chapter 3. In each case, the author(s) has attempted to 

mathematically describe the mode of Mure, whether ductile, brittle or some hybrid of 

both. The intent is to emphasize some of the benefits, and shortcomings, that are 

characteristic of certain types of mechanical models and to promote the avaiIab'ity of 

these more sophisticated models to supplement, or supersede, empirical provisions ifthe 

need arises. 

2.2.3.1 Kinnunen and Nylander 

One of the first European models was created by Kinnunen and NyIander (1 960) and later 

rehed by Kinnunen (1 963). The model, which only reflects concentric punching, is 

shown in Figure 2.9. 

The model emulates the crack-patterns (flexural and shear) that evolve prior to Mure. 

Radial flexural cracks and the line of contra-flexure encompassing the connection border 

rigid pie-shaped segments. Each segment is subject to a portion of the external load, P, 

and the forces that arise during rotation (It1 to R4 and T ). Most of the descriptors shown 

in Figure 2.9 are unknown. Solving for P is an involved iterative process of adjusting the 

elements that S e c t  the fiee body diagram until equilibrium is reached. Failure is 

expected when either the stress in the compression zone, due to T, or the tangential strain 

reaches their respective limits. 

The upside of this model is its abiity to not only predict the capacity, but also 

simultaneously describe the ductility of the comection, in terms of local deformations. 

The downside is the cumbersome iterative process that was inconvenient until the advent 

of high-speed computers. Additional drawbacks include limitations to concentric loads 

and Mure to consider shear reinforcement. 



Figure 2.9 - Mechanical Model by Kinnunen and Nylander - Kinnunen (1963) 

2.2.3.2 Shehata and Regan 

Shehata and Regan (1 989) developed a pie shaped model., similar in many regards to that 

by Kinnunen and Nylander (1 960). Shehata (1 990) Iater simplified the model to yield an 

effectively empirical expression for the punching capacity o f  a concentrically loaded 

connection, given by equations (2-53) to (2-56). The process of simplification has forfeit 

the mechanical nature of the original concept. 



V, = 2 x r x n, fCt(500/d)'' tan 1 O0 

d = effective depth of the slab (mm) 
f: = 28-day compressive cylinder strength (MPa) 
$, = yield strength of the flexural reinforcement @Pa) 
n = modular ratio 
n, = calibration coefficient to account for the effect of slab depth to column size ratio 
r = radius of the column 
V, = nominal shear force resisted by the connection 
x = depth to the neutral axis 
p = flexural reinforcement ratio 
p, = effective f l e d  reinforcement ratio to account for variations in yield strength 

Although significantly simpler to solve than the model by Kinnunen and wander, the 

solution no longer reflects the ductility of the connection. Shear reinforcement and the 

response to unbalanced loads are not considered. 

2.2.3.3 Nielsen (Plasticity Theory) 

Nielsen (1 984) used plasticity theory to develop a mechanical model that reflects both the 

failure capacity and the location of the failure s h c e .  Nielsen's work is particularly 

interesting. While the approach is entirely different, the result predicts a response 

surprisingly similar to that described by the shear-Gction model presented in Chapter 3. 

Plasticity theory applies to elements that undergo significant deformation prior to Mure. 

When large plastic strains exceed elastic ones, the material can accurately be described as 

rigid-plastic. A rigid-plastic stress-strain relation is shown in Figure 2. Z 0. 



Figure 2.10 - Uniaxial Stress-Strain Curve for a Rigid-Plastic Material - Nielsen 
(1984) 

A typical uniaxial stress-strain relationship for concrete, shown in Figure 2.1 1, does not 

exactly resemble the rigid-plastic curve. However, Nielsen claims that the plasticity 

approach correlates well with experimental results when a reduced concrete strength is 

used. The reduced strength is termed the effective plastic concrete strength and is 

traditionally calculated by taking the equivalent area under the stress-str.ain curves. The 

technique is shown in Figure 2.1 2. 

Figure 2.11 - Uniaxial Stress-Strain Curve for Concrete - Nielsen (1984) 



a) Plot of Effectiveness Factor Versus Concrete Strength and Ultimate Compressive Strain 

b) Plot of Effectiveness Factor Versus Concrete Strength (Experimental Results) 

Figure 2.12 - Design Curves and Experimental Verification for Calculation of the 
Effective Plastic Concrete Strength, f, - Nielsen (1984) 

If f,' and f,' are the compressive and tensile strengths as determined by standard 

cylinder tests, the effective plastic compressive and tensile strengths are given by 

equations (2-57) and (2-58). 



fCf = 28-day compressive cylinder strength 
f;, = effective plastic compressive strength of the concrete 
f,' = 28-day tensile cylinder strength 
f, = effective plastic tensile strength of the concrete 
v, = effectiveness factor relatingf;, to f,' 
v, = effectiveness factor relating fp to f,' 
p = effectiveness factor relatingf' to fc' 

Effectiveness hctors are determined fiom experimentation. 

Nielsen suggests that Mure occurs when the stress field reaches a rupture condition 

given by Coulomb's (1 776) fictional hypothesis and a limitation on the tensile 

resistance. The combined limitations are termed the 'hodified Coulomb criteria"- The 

criteria are shown in Figure 2.1 3, and d o  w for a distinction between sliding and 

separation types of Mures. 



Sliding failure r = -c +PC 

Separation failure U= fA 

u 

Slidinq failure T = c -NU 

a) Failure Criteria for a Modified Coulomb Material 

b) Sliding Failure c) Separation Failure 

Figure 2.13 - Rupture Criteria for a Modified Coulomb Material - Nielsen (1984) 

The rupture criteria can be expressed in terms of the principal stresses, as given by 

equation (2-59) for sliding and equation (2-60) for separation. 

k , ~ ,  - 0, = 2 c K  (sliding) 

0, = fA (separation) 



c = cohesion 
fA = separation resistance 
k, = dimensionless quantity used to simpw equation (2-59) 

q~ = angle offiiction 
p = coefficient of fiction 
01 = maximum principal stress 
03 = minimum principal stress 

The model describes the failure of an axisyrmnetric solid of revolution, as shown by 

Figure 2.14. The shape of the iidure surface is unknown at this point and is simply 

described by the shape function, r(x), where x is the distance along the axis of the 

column. The volumes each side of the Wure swtkce are assumed to be rigid and relative 

displacement, u, is normal to the plane of the slab. The angle, a, descriis the angle 

between the tangent to r(x) and the direction of displacement. The ultimate punching 

capacity is determined by equating the work done by the load, P, to the energy dissipated 

across the failure surface. 

Figure 2.14 - Failure Surface for Plasticity Model - Nielsen (1984) 

The external work, WE, is given by equation (2-62) and the dissipation, Q is calculated 

by integrating over the Mure s h c e ;  equation (2-63). 



WA = energy dissipated per unit area 
WE = external work 

A = area of the failure surface described by the revolution of re) about the axis of the 
column 

D = energy dissipated 
P = nominal shear force resisted by the connection as determined by plasticity theory 
u = relative displacement normal to the surface of the slab 

The term WA is the energy dissipated per unit area of the Mure s h c e .  Application of 

the modified Coulomb rupture criteria for the rigid-plastic material yields an expression 

for WAY given by equation (2-64). The element, d, is given by equation (2-65). 

(Derivation of equation (2-64) is beyond the scope of this section. It can be found in 

Nielsen (1 984)). 

WA = if, u(l- rn sin a) (2-64a) 

dx 
a2 = 2 z r (x ) -  

cosa! 

Calculus of variations is required to determine the shape hction, re), that corresponds 

to the lowest upper bound solution. The solution consists of a straight line in conjunction 

with a catenary curve and is described mathematically by equations (2-66a) and (2-66b). 



d 
r(x) =-+xtanp, for 0 <XI  h, 

2 

X - h ,  x -h, 
r(x) = a cosh- + bsinh - , for h, S x I h  

C C 

d = diameter of the co1umn or loading area 
dl = diameter of the Mure surfhce on the unloaded face of the slab 
ho = distance fiom the loaded fhce of the slab to the junction between the straight line 

and catenary portions of the failure surface 

The constants a, by c, and ho are determined using equations (2-67a), (2-67b) and (2-67c). 

b tang, = - 

dl h - h ,  h-ho - = acosh- + bsinh - 

Since the function r(x) is split into two components, derivation of the punching capacity, 

P, requires solution of the energy equations, (2-62) and (2-63). The capacity is given as 

the sum of two parts, PI and Pz. 

h, (d cos p + h, sin pxl- sin p) P' =zfq2* 
cos2 q 



PI = part of the nominal capacity of the connection as described by the linear portion of 

P2 = part of the nominal capacity of the connection as described by the catenary portion 
of r(x) 

Final solution requires the use of an electronic computer. For any vaIue of dI, an iterative 

procedure is required to obtain a profile of the Mure s h c e  and a corresponding value 

of P. Each value of P is specific to a particuIar value of dl. A range of values for dl must 

be checked to determine the lowest value of P, which corresponds to the punching 

capacity of the connection. 

Nielsen's plasticity model has been checked against experimental data. Braestrup et a1 

(1976) use the results of a series of embedded disc pullout tests to suggest a suitable 

value forfdfcP of 0.0025. Hess et a1 (1978) use published data by others (Elstner, R.C., 

and Hognestad, E., (1 956); Base, G.D., ( 1  959); Kinnunen, S., and Nylander, H., (1 960); 

Taylor, R, and Hayes, B., (1965); Dragosavic, M., and van den Beukel, ( 1  974); Gem, 

J., and Jensen, L.F., (1 976)) to show that the effectiveness fkctor, vc is a function of the 

compressive cylinder strength as given by equation (2-69). 

Nielsen also shows that the model suggests an increase in the punching capacity of the 

slab-column connection with the use of uniformly distributed shear reinforcement, but 

does not elude to any verification fiom test results. 

Nielsen's model has one basic advantage over empitical systems. It utilizes the concepts 

of a rigid-plastic material, modified Coulomb Mure criteria, and conservation of energy 

in an attempt to understand the mechanism by which a slabcolumn connection f.gils. The 

model yields concurrent predictions for the shape of the Mure surface and the ultimate 

capacity of the connection. The major drawback is the need for a computer program to 

perform the necessary calculations for the iterative process required over the possible 



range of failure planes. Another shortcoming is the inability to consider unbalanced 

loads. 

2.2.3.4 Loov (Shear Friction) 

The success of a shear-fiction-based mechanical model to predict the shear capacity of 

beams has prompted an investigation into a similar system to predict the punching 

capacity of slab-column connections. The adaptation to slab-column connect ions is the 

focus of Chapter 3, and will not be addressed in this section. However, it would be 

remiss if a discussion on mechanical models did not include at least background material 

on an analogy that adapted the principle of shear fiction. In that regard, a review of the 

model used to predict the shear capacity of reinforced concrete beams is presented. 

The shear-fiction failure criterion, as expressed by equation (2-70), was fist proposed by 

Loov (1978). It relates the shear stress across a concrete failure plane to the n o d  stress 

on that plane and the compressive strength of the concrete. 

v = average shear stress on  the shear fdure plane 
a = average normal stress on the shear failure plane 
f,' = 28-day compressive cylinder strength 
k = correlation coefficient determined fkom experimentation 

Kumaraguru (1 992) verified the relationship using documented push-off tests by Mattock, 

A.W., (1 974) and Walraven, J.C., (1 98 1). The tests suggest suitable values for the 

coefficient, k; 0.6 for cracked sections and 0.7 for uncracked sections. 

Patnaik (1 992) found that shear fiction could accurateIy predict the shear strength across 

the horizontal interface between concrete slabs and precast beams. 

North American codes such as ACI 3 18-95 and CSA-A23.3-94 have long recognized shear 

fiction as the means of shear transfer across not only the intedhce between dissimilat 



materials, as in the case of composite beams, but also at construction joints and potential 

major cracks. Construction joints and potential cracks often occur at the intersection 

between the web and flange (or slab) of concrete T-bearns. 

So, ifshear fiiction works for horizontal shear, can it Ellso be used to predict the shear 

capacity of structural members? Is a shear crack not merely a potential crack, as 

described in the North American codes? 

A series of studies (Kriski, W., (1 996); Pen& L., (1999); Tozser, O., (1999)) conducted at the 

University of Calgary has shown that shear fiction can fom the basis of a mechanical 

model used to predict the response of both conventionally reinforced and prestressed 

concrete beams. The response includes an accurate estimation of the shear capacity, as 

well as the location of the Mure plane and additional insight into the mechanics that 

occur during shear Mute. 

Figure 2.15 - Free-Body Diagram for Beam Shear (Shear Friction) 

To understand the model, consider the fiee-body diagram of a conventionally reinforced 

concrete beam shown in Figure 2.15. The location of the shear M u r e  plane is defined by 

an origin at an a r b i i  distance, x (from the inside edge of the support), and an angle, 0 

(fiom the longitudinal axis of the beam). Across the inched plane, v = S/A and 



a = WA. Substituting into equation (2-70) and using force equilibrium yields the shear 

capacity, Cf. 

A = area of the shear failure plane (A = bMinO) 
b = width of the concrete beam 
h = depthoftheconcrete beam 
K = force product used to simplifL the shear-fkiction equation 
R = n o d  force on the shear Mure plane 
S = shear force on the shear Mure plane 
T = tension force in the longitudinal reinforcement 
Tv = tension force in the stirrups crossing the shear failure plane 
GJ = n o d  shear force resisted by the connection as calculated by shear fiction 
8 = angle between the fdure s h e  and the longitudinal axis of the beam 

Figure 2.16 shows a plot of Kf versus cot 0 for a single origin (i.e., a specific value of x). 

Each value of 0 corresponds to a potential shear failure plane. In the absence of shear 

reinforcement, a reduction in 0 (an increase in cote) causes a reduction in shear 

capacity. However, when shear reinforcement is present, a reduction in B will eventually 

cause the Mure s h c e  to cross a stirrup. When this happens, the plot shows an increase 

in capacity. The increase is a fbnction of the capacity of the stirrup. The stronger the 

stirrup, the greater the increase. The increase in capacity is also a function of the 

anchorage of the reinforcement. For a well-anchored stirmp, the increase is abrupt. For a 

poorly anchored stirrup, the increase is more gradual. 



Figure 2.16 - Plot of Vgversus Cot 0 - Loov (1998) 
Now consider the full range of origins. The shear values for the gamut of Mure planes 

forms the three-dimensional plot shown in Figure 2.17. The shear capacity of the 

member is the minimum value of V$over the possible range of fdure planes. The 

corresponding values of x and 8 describe the location of the failure plane. 

Figure 2.17 - Surface Plot of Vd - Loov (1998) 



Kriski (1 996) used in-house tests in conjunction with published data to hrst validate the 

model. He found that the original correlation coefficient, k = 0.6, resulted in strength 

predictions that matched test results very well. Peng (1999) used a Wher series of tests 

and additional published data to fmd the coefficient dependent on the strength of the 

concrete. Tozser ( 1999) used published data to show that k varied with beam depth 

Tozser also demonstrated that the model was easily adapted to accommodate bond mure 

of the flexural reinforcement, and just as instrumental in predicting the capacity of 

prestressed beams. 

The advantage of the shear-ection model is the ability to simultaneously predict the 

capacity and location of the shear hilure. It considers a number of parameters, the most 

significant being: 

i) shear reinforcement 

ii) flexural reinforcement 

iii) anchorage of flexural and shear reinforcement 

iv) prestressing forces 

Nevertheless, the model is not without drawbacks. 

Equation (2-71) is readily solvable for a specific Mure surface by simply entering the 

appropriate values of K, T, 7'' and 8. However, creation of an entire matrix, in order to 

determine the minimum value of cfi necessitates the use of an electronic computer. The 

design engineer, who prefers simple closed-form solutions, generally deems this type of 

process undesirable. 

In an effort to meet designer's demands, Loov (1999,2000) has simplified the model. 

The simplified version requires no more than a hand calculator, thereby ensuring that the 

use of shear fiction for the design of standard beams is straightforward and expedient. 

Since this section was introduced as a precursor to the application of shear fiction to 



slabcolumn connections, the simpIified version will not be introduced. However, the 

reader is encouraged to review the publications referenced in the preceding paragraph. A 

simpwed version has not yet been developed for prestressed beams. 

The success of the shear-fiction beam model has prompted an expansion of the model to 

predict the response of slab-column connections. In Chapter 3, the principles of shear 

fiction and yield-line theory combiie to simultaneously predict the mode of Mure and 

capacity of concentrically loaded interior slab-column connections, with and without 

shear reinforcement. The test data evaluated during calibration of the model includes a 

wide range of parameters, such as concrete strength, reinforcement ratios, and slab and 

column dimensions. 

2.3 MODELS PREDICTING RESPONSE TO SEISMIC LOADS 

When exposed to seismic loads, the performance of slab-column h n e s  has often been 

less than satisfactory and has thereby prompted the design community to establish rather 

restrictive rules for flat-slab systems in earthquake prone regions. It has also inspired 

researchers to develop new procedures that would allow a more widespread use of the 

system in seismic zones. 

In accordance with the format embraced in Section 2.2.1, the next section descriis the 

pockets of research that have led to the evolution of the current edition of CSA A23.3- 

1 994, as it pertains to the design of slab-column frames in seismic zones. Key findings 

are presented in chronological order. 

The provisions of CSA A23.3-I994 (and for that matter, NBCC-1995) are more than just 

restrictive. In terms of slab-column systems, they are also somewhat vague. With this in 

mind, only the most current editions of these codes are included in the chronology. 



2.3.1 Development of the Current Canadian Model 

In the mid-seventies, Criswell(1974), investigated the response of slab-column 

connections to dynamic (albeit concentric) loads, while Hawkins, Mitchell and Hanna 

(1975), probed the effects of reverse-cyclic lateral loads. Shortly thereafter, other 

researchers began to actively expose a wide range of connections to seismic scenarios. 

This section summat.izes the work to date. 

By the mid-seventies, researchers active in the area of flat slabs realized the abiity of 

shear reinforcement to improve the punching strength of the connection. ConsequentIy, 

even preliminary seismic studies scrutinized the effects of shear reinforcement. 

Although the research in this document is primarily concerned with connections 

reinforced with shear studs, a scarcity of information in the seismic sector has prompted 

the inclusion of results on specimens with other forms of reinforcement, specifically, 

stirrups. 

As in Section 2.2.1, tests on shear heads are considered irrelevant and will not be 

included. The reader may presume that all findings presented in this section stem fiom 

tests on interior connections. Exceptions will be noted otherwise. 

2.3.1.1 Research Prior to CSA Concrete Design Standard A23.3-1994 

1974 - Criswell(1974) tested nineteen concentrically loaded I11-scale isolated 

specimens, eight exposed to static loads and nine to dynamic loads. In addition, he tested 

two one-quarter scaIe nine-panel models, one statically and one dynamically loaded. He 

found the general behaviour of the specimens to be independent of the type of loading. 

However, an increase in the rate of loading caused an increase in both the capacity and 

ductility of the comection. The jump was attributed to an increase in material strength, 

which improves with an increase in the rate of loading. 



1975 - Hawkins, Mitchell and Hanna (1975) tested five M-scale isolated specimens, 

subjected to a combination of gravity loads and reverse-cyclic unbalanced loads. The 

specimens were identical to a series tested previously by Hawkins (1 974b), except that 

these specimens were resorted with stirrups to enhance the punching capacity. The 

authors concluded that stirrups must be properly detailed to guarantee their contribution 

to the overall strength of the connection. Examples of proper and improper details are 

shown in Figure 2.1 8. 

135" Bends 135" Bends with 
Double Horizontal Leg 

a) Proper Stirrup Details 

c 90" Bends 3 Lap Splice Double €I Lap Splice 

b) Improper Stimp Details 

Figure 2.18 - Proper and Improper Stirrup Detaib - Hawkins, Mitchell and Hanna 
(1975) 

The beneficial effects of properly designed and detailed stirrups are: 

i) An increase in the capacity, ductility and energy absorption capability of the 

connection. In each case, the increase was more pronounced for low flexural 

reinforcement ratios. 

ii) An increase in the "residual" shear capacity, which is the capacity of the 

connection after reverse-cyclic degradation has occurred. 



iii) A shift in the hysteric characteristics of the connection, fiom a shear to a 

moment type of energy dissipating mechanism. Stimps conhe the 

connection, restricting the energy loss due to degradation of the aggregate 

interlock interface, localized crushing at dowel sites, and decay of the 

compression zone. This not only preserves the shear capacity of the 

connection, but also encourages yielding of the flexural reinforcement as the 

prevalent means of dissipating energy. Excessive yielding does increase the 

extent of flexural cracking, which does curtail the shear contribution f?om 

aggregate interlock. However, the overall reduction in shear capacity is 

substantially less. 

For stirrups to be I l l y  effective, the critical section beyond the stirmps shall 

be no closer than 1.5d fiom the column perimeter, nor shall the maximum 

stress on that section exceed 0.17fi . 

1976 - Ghali, Elmasri and Dilger (1976) tested six fhll scale isolated specimens, 

subjected to a constant gravity bad and either static or dynamic lateral loads. The 

specimens contained no shear reinforcement. Other than the rate of loading, only the 

flexural reinforcement ratio was varied. The authors reached the following conclusions: 

i) An increase in the rate of loading causes an increase in the strength of the 

material (concrete and reinforcing steel), which results in an increase in the 

overall capacity, the ductility, the extent of rotation at Mure and the ability to 

dissipate energy. With the exception of the ductility, the gains are more 

pronounced for higher reinforcement ratios. 

ii) For brittle connections, an increase in the reinfiorcement ratio results in an 

increase in strength, but a reduction in rotation, ductility and energy 

absorption. 



1978 - Dilger, Elmasri and Ghali (1 978) augmented their original research with an 

additional series of tests. The authors conducted six tests, identical in every respect to the 

previous set, except the specimens contained shear reinforcement in the form of short 

segments of wide flange beams. The authors reached the following conclusions: 

i) Shear reinforcement significantly increases the shear capacity of the 

connection, which permits additional strain in the flexural reinforcement, 

thereby enhancing the ductility, rotational capacity and energy absorption. 

These enhancements are more apparent for reinforcement ratios in excess of 

one percent. 

ii) Their original conclusions, concerning the effects of the rate of loading, also 

apply to shear reinforced connections. 

1989 - Pan and Moehle (1 989) analyzed the results of 23 tests; 19 fiom literature and 

four in-house. All of the specimens were isolated and exposed to a combination of axial 

load and unbalanced moment. The axial loads were monotonic. The unbalanced loads 

were either monotonic or reverse-cyclic. The authors found the magnitude of the gravity 

load to be a key parameter affecting the ductility and lateral displacement of the 

connection. They also ascertained that biaxial bending promotes rapid degradation of the 

concrete, thereby reducing the stfiess, ductility and ultimate capacity of the connection 

(for any given level of gravity load). 

Pan and Moehle suggested that the integrity of the connection could be maintained if the 

inter-storey drift was restricted to 1.5 percent of the inter-storey height. This requirement 

could be fidfilled if the stress along the critical section, due to gravity load, was limited to 



2.3.1.2 CSA Concrete Design Standard A23.3-1994 

Clause 13 of CSA A23.3-1994 contains the design provisions required for two-way slab 

systems. The contents of the clause are very extensive and cover practically all concerns 

that might arise during design. Issues relating to seismic performance, however, are not 

covered in Clause 1 3. Seismic provisions are covered in Clause 2 1. 

Clause 21 questions the abiity of flat slab systems to maintain resistance to Iateral loads 

when subjected to deformation reversals well within the non-linear range. The clause 

suggests that slab-column frames should be recognized as systems with a force 

modification factor, I?, of 1.5, and designed in accordance with the provisions outlined in 

the National Building Code of Canada, 1995 edition (NBCC- 1995). 

The provisions in the NBCC- 1995 are essentially twofoId: 

i) For slab-column fiarnes where the lateral load resistance is provided by an 

alternate means, the fkames must be able to withstand the gravity loads under 

the seismically induced deformations. Caution should be exercised to ensure 

that the slab-column fiame does not inadvertentIy receive unexpected lateral 

loads in proportion to its relative stifkess. 

ii) For slab-column M e s  that provide the lateral resistance to seismic loads, the 

fiarnes must be able to withstand both the gravity loads and Iateral loads under 

the seismically induced deformations. If research (or past perfomce) 

reveals that the seismic response of a slab-column structure is capable of 

behaviour other than that suggested by a force modification factor of 1.5, R 

could be adjusted accordingly. 

If the deformations have been calculated by elastic analysis, using a force modification 

factor, R, they should be multiplied by R to obtain an accurate estimate of the expected 

deflections. Inter-storey drift ratios shall be limited to two percent (except for post- 



disaster facilities which must be limited to one percent), and all deformations shall be 

used to account for sway effects. 

NBCC-95 also stipulates that buildings in excess of three storeys must utilize a structural 

system that responds in such a manner that the force modification fhctor exceeds 1.5. 

These provisions, however sound, are limited in terms of sufficient detail to guide the 

designer. In an effort to establish some foundation on which to develop a procedure for 

the design of slab-column fiames, simple Iogic suggests that the procedures for other 

ductile systems might be adopted. The prudent course of action would then be to revisit 

the requirements outlined in Clause 2 1 of CSA A23.3-1994. 

The basic design concept employed throughout Clause 2 1 is well defined by an excerpt 

from the clause itself. 

Clause 21.2.1.2 ... "Clause 21 contains special requirements for the design ofreinforced 

concrete members of a structure for which the design forces, related to earthquake 

motions, have been determined on the basis of energy dissipation in the non-linear range 

of response. These structures shall be ths subject of capacity design. In the capacity 

design of structures, energy-dissipating elements or mechanisms are chosen and suitably 

designed and detailed, and all other structural elements are then provided with suficient 

reserve capacity to ensure that the chosen energy-dissipating mechanisms are maintained 

throughout the deformations that may occur. " 

Only portions of the clause are suitable for interpretation regarding slab-column f imes.  

For instance, slab-column ftames resemble beam-column fiames more than they 

resemble shear-walls. Consequently, provisions applying to shear-walls will be ignored. 

Likewise, a slab-column joint is rarely considered problematic. In that regard, provisions 

concerning beam-column joints will also be dismissed. Finally, the columns of a 

slab-column fiarne are easily strengthened beyond that of the connection. That being the 

case, provisions regarding seismic treatment of columns will not be reviewed. Only the 



portions regarding the design of "beams in ductile beam-column fiames" will be 

considered. 

Provisions for ductile beam-column limes depend on the level of ductility that the 

designer needs to provide. The level of ductility is mainly a function of economics and 

the seismicity of the region. For instance, in low seismic zones the designer may find it 

more economical to ensure that the structure remains eIastic, rather than detail for 

ductility. In high seismic mnes, the designer may find the use of a ductile shear wall 

more cost effective than a ductile fiame. In this case, the shear wall provides lateral 

support while the h e  predominantly resists gravity load. The m e  often only needs 

to be detailed for a minimaI, or nominal level of ductility, as it deforms along with the 

shear wall. 

Four types of ductile beam-column fiames are recognized: 

i) Frames that require a significant level of ductility (R > 2). 

ii) Frames that require a nominal level of ductility (R = 2). 

iii) Frames that require no ductility (R = 1). Simple recognition of this type of 

f ime is given in Clause 21. The design of non-ductile fiames is addressed in 

the non-seismic portions of the code. 

iv) Frames that do not form part of the lateral load resisting system (R 2 1.5). 

Depending on the level of deformation that is expected by the structure, and 

consequently the adjoining fiames, these fiarnes are categorized in accordance 

with either of i), ii), or iii), above. 

In each case, the level of ductility is expressed in terms of the force modification fhctor, 

R. Recall fiom Chapter 1 that R reflects the ability to dissipate energy through inelastic 

behaviour. For elastic structures, R equals 1 .O. As R increases, so does the leveI of 

energy dissipation. 



As on might expect, the fi-ames requiring the greatest level of ductility also require the 

greatest level of detail. Since this section is mainly concerned with establishing a set of 

p ~ c i p l e s  fiom which provisions for ductile slab-column fiames may evolve, it seems 

sufficient to simply review the provisions established for beam-cohunn h e s  requiring 

the maximum level of ductility, as described by item i). These provisions are outlined in 

Clause 21.3. Any lesser degree of detail will undoubtedly force the eames into one of 

the other two categories (ii or iv), which are covered in Clauses 2 1.9 and 2 1.8, 

respectively. 

In an effort to comply with the basic design concept, which requires suitably designed 

energy dissipating mechanisms, Clause 21.3 can be subdivided into the following design 

philosophies: 

i) At any location along a bending member, a minimal level of flexural 

resistance is required to accommodate load reversals and maintain a given 

level of flexural continuity. At a joint, 

At any section, 

A minimum of two (2) bars are required at the top and bottom of the 

cross-section. 



b~ = width of the web of the beam 
d = effective depth of the beam 
f ,  = yield strength of the reinforcement 
M,,, = maximum factored moment resistance along the length of the beam 
M , ,  = negative factored moment resistance of the beam 
Mw = positive factored moment resistance of the beam 
A,, = area of the flexural reinforcement contributing to the negative 

moment capacity 
A,,,, = area of the flexural reinforcement contributing to the positive 

moment capacity 

ii) Upper limitations on flexural reinforcement ratios are required to protect 

against shear failures and crushing in the compression zone. At any section, 

pheg = reinforcement ratio contributing to the negative moment capacity 
fios = reinforcement ratio contributing to the positive moment capacity 

iii) To dissipate energy through flexural deformations, a plastic hinge is required. 

Reverse-cyclic loading causes degradation of the concrete. To impede this 

degradation, transverse reinforcement, in the form of seismic hoops, are 

specified. Seismic hoops are closed ties with additional requirements imposed 

on the hooked ends. At each plastic hinge, the placement of seismic hoops is 

specified as follows: 

Zhmp t 2d (for hinges at beam-column joints) (2-77a) 

I,,, 2 2d + I,, (for hinges at locations other than joints) (2-77b) 



db.hoop = diameter of the rebar used to form the seismic hoop 
db,long = diameter of the largest longitudinal rebar 
Zhiw = length of the plastic hinge 
l o p  = length of the portion of beam requiring seismic hoops 
shoop = spacing of the seismic hoops 
so,hOop = spacing of the &st seismic hoop fiom the face of the column 

Where seismic hoops are required, confinement of the concrete is enhanced 

by stipulating lateral support for the longitudii bars along the perimeter, as 

outlined in Clause 7.6.5.5. Corner bars and every second longitudinal bar 

must have lateral support from the corner of a hoop or tie. The comer must 

have an included angle no greater than 135 degrees. Other bars shall be no 

fbther than 150 mm fiom a tied bar. 

iv) Stringent provisions are utilized to enhance the overall resistance to shear 

failure and promote flexural hinges. The shear capacity must meet the 

following guidelines, 

Vr 2 Mprl + M p r 2  + vD + vL (using R > 1.0) (2-79a) 
In 

V' 2 V, +0.5VL + V, (using R = 1.0) (2-79b) 

Where hoops are not required, 



I!, = clear span of the beam 
MPrl = probabIe moment resistance at the near support, where the shear 

force is being determined 
M , r 2  = probable moment resistance at the far support 
R = force modification fhctor 
sStimP = spacing of the stirrups 
V,, = factored shear force resisted by the concrete 
VE = shear force due to earthquake load (service load) 
VD = shear force due to dead load ( s e ~ c e  load) 
VL = shear force due to live load (senice load) 
Vr = factored shear force resisted by the beam 
V, = fixtored shear force resisted by to the shear reinforcement 

v) The consequences of bond Mure of the flexural reidorcement can be as 

devastating as shear Mure. Guidelines to prevent bond failures include 

restrictions on locations of lap splices. Lap splices shall not be located, 

b) within a distance 2d fiom the face of a joint 

c) within a distance d &om the end of a plastic hinge 

Hoops are required along the lap length. 

vi) To further enhance the ductiIity of the members, dimemiod requirements are 

detailed in an effort to: 

a) provide sufficient length for plastic hinges and reduce the shear load, 



b) prevent buckling of the compression face, 

C) avoid problems associated with discontinuity in cross-sectional 

dimensions at joints, 

~ 2 , ~ ~ l ~ ~  = column dimension of the face framing into the beam 
h = depth of the beam 

It is noteworthy that some of the design provisions for beam-column fiames compare 

well with the previously documented test results for slab-column frames. In particular, 

Hawkins et al. (1 975) and Ghali et al. (1 976) suggest that the use of shear reinforcement 

not only improves the shear capacity, but also enhances the integrity of the connection. It 

is then not unreasonable to speculate that an increase in punching capacity, well above 

the flexural capacity, might promote the formation of a plastic hinge at the connection. If 

the integrity of the hinge can be maintained after repeated cycles, the connection will in 

all likelihood demonstrate sufKcient ductility and energy dissipating characteristics to 

warrant classification for a capacity based design. 

2.3.1.3 Research Since CSA Concrete Design Standard A23.3-1994 

1994 - Dilger and Cao (1 994) tested seven I1I-scale isolated connections. The 

connections were exposed to a combination of axial load and reverse-cyclic unbalanced 

moments. The authors varied the level of shear stud reinforcement and the magnitude of 

the concentric load. The program rendered the following results: 

i) Reverse-cyclic loads reduce the capacity of the connection. The reduction is 

caused by fdl penetration flexural cracks which weaken the otherwise 



undisturbed compression zone. The effect is more pronounced for slabs 

without shear reinforcement. 

ii) Properly designed shear reinforcement can increase the lateral drift capacity 

by a fhctor of 2 to 3. Consequently, no reduction in strength along the critical 

section is required to ensure adequate ductility. 

1994 - Brown and Dilger (1 994) tested nine ill-scale isolated slab-column specimens. 

Like the series by Dilger and Cao (1994), the specimens were also exposed to 

reverse-cyclic eccentric loads. Variables included the presence (or absence) of shear 

studs, the location of the critical section outside the shear-reinforced zone, and the 

direction of the unbalanced load. The authors reached the following conclusions: 

i) Shear studs are highly effective in increasing the shear capacity of a 

connection, causing to exceed hex, thereby increasing ductility. 

ii) Concentrating the flexural reinforcement in the vicinity of the column has no 

significant effect on the capacity of the connection, but does improve 

ductility. 

iii) The direction of unbalanced load (either perpendicular or at 4 5 O  to the fsce of 

the column) affects neither the strength nor ductility of the connection. 

1995 - Durrani, Du and Luo (1995) tested four 112-scale two-span continuous shb 

column fiames. The slabs were designed in accordance with American Concrete Institute 

(ACI) standards "ACI 3 18-56" (1 956) and "ACI 3 1 8-63" (1 963), to represent typical 

structures constructed in the 1950's or 1960's, and still in use today. Slabs of that vintage 

would have been designed for gravity loads only. Rarely was any consideration given to 

resisting lateral loads. 

Uniform gravity loads were applied monotonically, in combination with reverse-cyclic 

lateral loads. Variables included the magnitude of the gravity loads, the layout of the 



flexural reinforcement and the presence (or absence) of spandrel beams along the exterior 

edge. 

The following conclusions were drawn: 

0 When gravity loads are low, resulting in a shear stress, v,, no greater than 

0 . 0 8 a ,  both the lateral-load-resisting mechanism and the failure 

mechanism are primarily due to flexural yielding of the slab. 

ii) Predictably, flexural cracking reduces the lateral stfiess of the fiame. 

Exterior connections lost stifbess approximately 1.5 times fater than interior 

connections, causing a redistribution of loads and preventing punching at the 

edge column. 

iii) The ACI & CSA eccentric shear models are still valid for the evaluation of 

slabs built in the 1950's and 1 960's, but the percentage of unbalanced moment 

transferred by shear should be increased. 

iv) The reduction in shear strength can be expressed in terms of lateral drift as 

given by equation (2-87). 

v, = n o d  shear strength of the concrete 
fCr = 28-day compressive cylinder strength 
H = inter-storey height 
A =  lateral drift between adjacent storeys 



1997 - Megally and Ghali (1997) reported on a series of 6 tests on fU-scale isolated 

edge-column connections. Each connection was subjected to a combination of monotonic 

gravity load and reverse-cyclic lateral loads. Variables included the shear stud 

reinforcement ratio and the magnitude of the gravity load. The authors reached the 

following conclusions: 

i) Without shear reinforcement, Failure generally occurs in the form of local 

punching, at a relatively low inelastic drift ratio. 

ii) With shear reinforcement, the current recommended minimum drift ratio of 

1.5 percent is exceeded well in advance of any punching Mure. Therefore no 

limit on gravity loads is required to achieve ductility. 

iii) Shear reinforcement reduces the degree of reverse-cyclic degradation in terms 

of both strength and stfiess. The use of equations (2-88) and (2-89) are 

recommended for the design of slab-column connections subjected to 

reverse-cyclic unbalanced loads. 

v,, = nominal shear strength of the connection 
v, = nominal shear strength of the shear reinforcement 

iv) Shear studs significantly increase the residual shear capacity. 

The recent findings by Megally et al. (1 997) conclude this section. 

Although the work by Megally et al is not the most current review on the response of 

slab-column connections exposed to seismic scenarios, it is a fitting conclusion to this 

section. It is the point in time at which the experimental portion of this program 

commenced. 



2.4 CONCLUDING REMARKS 

For decades, researchers have proposed a variety of models to predict the punching 

capacity of slab-column connections. These models may be categorized into one of two 

groups; empirical or theoretical. Empirical models evolve fiom experimentation, while 

theoretical models utilize one or more failure criteria as the basis of mathematical 

expressions that describes the mechanics of the failure. Nonetheless, theoretical 

provisions still require at least a minimal level of experimentation for validation of the 

model. In either case, the categorization is crude. Most proposals incorporate both 

empirical and theoretical components. 

In general, mechanical models provide more insight into the response of the connection, 

but often require extensive calculations, making the application of the model 

cumbersome for the design office. With this in mind, an ideal analogy should offer the 

designer ample understanding of the mechanics of the failure, while preserving the ease 

of application. 

The 1994 edition of CSA A23.3 has adopted a model that is primarily empirical by 

nature. It has evolved fiom decades of experimental and theoretical research. It is 

relatively simple to use and does address a sigmficant number of relevant parameters. 

However, it does not yield much insight into the mechanics of the Mure. In this regard, 

Chapter 3 invokes the principles of shear fiction and yield-line theory for the 

development of new model that will enhance the designers understanding of the potential 

modes of failure. In its general form, the model requires significant computational effort, 

but is easily simpmed for use in the design office. 

The current edition of A23.3 M s  to include detailed provisions for the design of slab- 

column systems in seismic zones. As a means of rectifLing this deficiency, Chapter 5 

presents two design procedures. The first applies to slab-column fiames that are not 

intended to serve as the primary lateral load resisting system. The second applies to 



fiames that are. Two fidl-scale two-span continuous fiames were tested in an effort to 

validate the proposals. 



CHAPTER 3 

3 THEORETICAL PROGRAM 

Chapter 3 is devoted to the development of two mathematical models, used to evaluate 

the fdure capacity of slab-column connections. The first model estimates the punching 

capacity. The second predicts the flexural strength. Used concurrently, they bad to an 

understanding of the mode of Mure. Each model is limited to concentrically loaded 

interior connections. 

For development of a model used to predict punching capacity, the shear-fiction 

approach by Loov was adopted. In this approach, Mure occurs when the stress across a 

potential failure surface exceeds that required to initiate differential slip dong the 

surface. Since the resistance to slip is a fimction of the normal force across the surface, 

the term "shear fiction" is used. 

The model used to evaluate the flexural capacity is based on yield-line theory. 

Due to the complexity of the shear-fiction model, a computer program was generated. 

The program contained the mathematical expressions used to calcuIate both the punching 

and flexural capacities. Using published test results, each model was caliirated. For 

comparison with provisions in the 1994 edition of CSA A23.3, the program included 

relevant code equations. 

The chapter concludes with the derivation of a simpwed version of the rather complex, 

computer-driven shear-fiction model. The simplified version is suitable for hand 

calculation and codification. 



3.2 SHEAR-FRICTION 

Most code provisions around the world rely on empirical relationships to predict the 

capacity of reinforced concrete slab-column connections. Scholars have long strived for 

a mechanical model to replace the current empiricisms. The success of a shear-friction- 

based mechanical model to predict the shear capacity of beam has prompted an 

investigation into a similar system to predict the punching capacity of slabcolumn 

connections. 

3.2.1 Shear-Friction Model for Beams 

The concept of shear ection, as it evolved into a mechanicd model suitable for 

calculating the shear capacity of reinforced concrete beams, is outlined in Section 2.2.3.4. 

The outline includes several references, either by Loov or by others under his 

supervision. The references provide in-depth detail into the workings of the beam model. 

Since tkis report is only concerned with slab-column connections, most of the 

information profled in Section 2.2.3.4, and the references contained within, will not be 

reiterated in this section. Only in the event that a particular concept will aid in the 

discussion of the slab-column model, will the information be repeated. 

3.2.2 Shear-Friction Model for Slab-Column Connections 

The concept of shear fiction, as described by equation (2-70), forms the basis for a 

mechanical model to estimate the punching capacity of slab-column connections. For 

convenience, the M u r e  criterion for the shear strength across a concrete failure plane, v, 

subjected to a normal stress, o, given by equation (2-70) is repeated: 



v = average shear stress on the shear Mure plane 
a = average normal stress on the shear fdure plane 
ff = 28-day compressive cylinder strength 
k = caliiration coefficient determined fiorn experimentation 

The fiee-body diagram in Figure 3.1 describes the forces across an idealized faceted 

failure surface at a slab-column connection. The location of each facet is defined by an 

origin at an arbitrary distance, xbol, from the inside edge of the column, and an angle of 

inclination, 8, f?om the plane of the slab. The location of each facet can also be descrii  

by xbo, and x,,. In latter sections of the chapter, dealing with the simplified version of the 

model, this option becomes a preferable means of describing the Mure surface. T and T, 

are the tensile forces in the flexural and shear reinforcement, respectively. R is the force 

normal to each of the facetted M u r e  s&es. S is the corresponding shear force. 

Across the inclined plane, the average normal and average shear stresses are given by 

equations (3-2) and (3-3). 

A = area of one hcet of the shear M u r e  surface 
R = normal force on one facet of the shear failure surface 
S =shear force on one fhcet of the shear M u r e  ssurf'ace 

Summing the forces in directions normal and parallel to the failure swfke yields 
equations (3-4) and ( 3 4 ,  per h e t .  
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Figure 3.1 - Free Body Diagram of the Failure Surface at a Slab-Column 
Connection 

T = tension force in the longitudinal reinforcement crossing one facet of the shear 
M u r e  surfhce 

Tv = tension force in the shear studs crossing one fhcet of the shear failure surface 
Vg = w d  shear force resisted by a single facet of the shear M u r e  surface as given 

by shear friction 
0 = angle between the plane of a single facet and the plane of the slab 



Combining equations (3- 1 ) through (3-5) for all of the fhcets forming the idealized M u r e  

surface, yields a solution for the shear capacity of the connection, KJgen, as given by 

equations (3-6) and (3-7). 

In Section 3.8, a simplified version of the shear-friction model is developed. To avoid 

confbsion, the more generalized version descriid in this section wiU be designated the 

general model (or method). The model developed in Section 3.8 will be entitled the 

simplified model (or method). The nomenclature used to define the capacities of the two 

versions will be K;,,, and T/s~sim~le- 

bbot = width of the base of one fkcet of the shear Mure s-e 
bop = width of the top of one facet of the shear Mure surface 
h =depthoftheslab 
K = combination of parameters used to sirnplifjr equation (3-6) 
K;,,, = nominal shear force resisted by the connection as given by shear fiction 

(general method) 

As expected, equations (3-6) and (3-7) closely resemble equations (2-7 1) and (2-72), 

expressions for the shear capacity of a reinforced concrete beam. The difterences are 

subtle and include the following: 

i) The total resistance is the sum of the individual resistances provided by each 

b e t .  

ii) In beams, the width of the Mure surface remains constant; the change in area 

is simply a fiction of the angle of inclination, 8. In slabs, the area of each 

fket is not merely a hc t ion  of 6. The individual widths, bad and bt,, both 

vary with the distance, xbor, and bt,, increases with a reduction in 8. 



iii) In beams, the value, K, is constant for all values of x and 0. In slabs, the value 

is a function of btop and bbot, which vary with xbot and 8. 

iv) In conventionally reinforced beams, the force, T, is constant. In slabs, the 

force varies with the number of reinforcement bars that traverse the area of 

each fhcet. As the width of the k e t  increases, so does the number of bars. 

Nonetheless, for any value of xbot and B the punching capacity, KJge., can be calculated. 

If KXgen is calculated over a suitable range of ~ b o t  and 8, the punching capacity is simply 

the minimum value within the matrix of solutions. To expedite the cdculations, a 

computer is required. 

Although the process involved with the general method is tedious, repetitive calculations 

over a range of Mure surikces, it is worth exploring. If the method proves accurate, the 

results may provide fbrther insight into the failure mechanism of the connection, and that 

insight may well serve to advance the current means of evaluating the connection's 

performance. 

3.2.2.1 Variation in Shear-Friction Capacity with Angle of Inclination 

Consider for a moment a slab-column connection without shear reinforcement. Figure 

3.2 shows the shear resistance for various values of xbOt and 8. For any fixed vahe ofxbOl, 

the maximum capacity corresponds with a vertical Edure surfsce, and a reduction in 8 

causes a reduction in the punching capacity. In the absence of shear reinforcement, the 

capacity approaches zero. Zero capacity occurs at an angle of zero. A significant portion 

of the drop in capacity appears before 0 reaches a value of 25 or 30 degrees. At angles 

more shallow than that the reduction in capacity is quite gradual. 
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Figure 3.2 - Punching Resistance Versus the Location of the Failure Plane 

A model that predicts a resistance of zero is unacceptable. To o s e t  this effect, a 

nominal amount of tensile strength,_f;, was introduced across the failure surf8ce. The use 

of5  is simiIar to the approach used by Nielsen (1 984) in his adaptation of plasticity 

theory to the problem of punching. Although not apparent at this time, it will become 

convenient to express the tensile strength in terms of r,, the tensile strength to 

compressive strength ratio, given by (3-8). 

= tensile strength n o d  to the fkce of the M u r e  surface 
fi = ratio of the tensile stren-f;, to the 28-day compressive cylinder strength, f,' 



The tensile strength can be introduced into the original shear-fiction Mure criterion, as 

given by equation (3-9). 

Substituting equation (3-9) for equation (3- 1) and repeating the process outlined in the 

previous section yields a slightly modSed version of equation (3-6), given by equation 

(3- 10). 

Although the concept of tension across a "potential" Mure surfhce is not altogether 

foreign (Nielsen (1984), Collins and Mitchell (1991)), tension across a cracked failure 

s d c e  is often dif6icult to promote as anything more than a means of calibration. 

However, prior to formation of the shear Wure surface, the presence of tension is a 

justifiable premise. Even in the event of a cracked sufice, it may well serve as a suitable 

means of accounting for the contribution fiom dowel action. Dowel action results fiom 

transverse resistance provided by the f l e d  reinforcement and was not considered in 

the fiee body diagram given in Figure 3.1. The effect of dowel action would increase 

with the number of flexural bars crossing the Mure surfkce. Although not entirely 

proportional to the area (unlike the total tensile force due to the tensile resistance), the 

number of bars would increase with a reduction in the angle of inclination. 

Whether a justifiable contri'bution, a crude means of accounting for the effect of dowel 

action, or simply a calibration coefficient, the ratio r, Uill be termed the pseudo-tensile 

ratio for the remainder of this document. 



3.2.2.2 Variation in Shear-Friction Capacity with Force in Flexural Reinforcement 

Figure 3.3 is a plot of the punching capacity GXgen versus the force in the longitudinal 

reinforcement, T. For any given Mure surface, the plot shows an initial increase in 

Vjgen with T, until Kxgen reaches a nutximum at an optimum tension of Top,. Beyond Topt 

the capacity decreases. 

c = 250 mm 
p = 0.0147 (avg.) 

.. 

-Van der Voet (1980); Specimen W 6  

4- Yield Capactiy,Ty - 

+- Optimum Force,Topt 
I I I 

Force in Flexural Reinforcement, T (kN) 

Figure 3.3 - Plot of the Shear-Friction Capacity, V4&em Versus the Force in the 
Flexural Reinforcement, T 

If the yield capacity of the reinforcement, T,, is less than T , ,  the punching resistance will 

be limited by the yield strength of the flexural reinforcement. Otherwise, the capacity 

will reach a maximum at the optimum value of T. Top? can be derived by differentiating 

equation (3- 1 O), setting the differential equal to zero, and solving for T. 



To< value of T that maximizes the shear resistance of the connection, Kjge, 

3.2.2.3 Contribution to Shear-Friction Capacity from Shear Reinforcement 

More than two decades of research at the University of Calgary have shown that shear 

studs surpass other means of enhancing the punching capacity of slab-column 

connections. Consequently, the shear-Mction model has incorporated shear studs and 

ignored other less effective fonns of reinforcement, such as stirrups. 

Figure 3.4 shows a fSure surface as it arbitrarily crosses a row of studs. In the event that 

the s d c e  approaches the head of one of the studs, it is conceivable that concrete pullout 

will precede yielding in the shaft. The hatched area in the figure shows an idealized 

failure cone. To address the possibiIity of pullout, the model incorporates 

recommendations outlined in the CPCA Concrete Design Handbook (1 995) for the 

pullout of headed concrete inserts. Section 12.4.2 a) of the handbook redefines the 

provisions outlined in Clause D4.1 of CSA A23.3-94 for the pullout of single headed 

concrete anchors. 

Section 12.4.2 a) ... For a conical failure sur$ace with a slope of 4 9 ,  the average 

resistance provided by the concrete on the basis of a projected resisting area can be 

taken as 0.4&/ f f  . 

During cali'bration of the model, the value of the 0.4 will be challenged. Since the value 

may change, it should be referenced generically. From this point on, it will be termed the 

'>pullout coefficient", k,. Also during calibration, the resistance factor, W,  will equal 1 .O. 



Possible Failure Surface 
Shear Studs --, 

For studs not intercepted by the shear failure surface, 
T, = 0 (where Td is the tensile force in stud "i" ) 

For studs intercepted by the shear failure surface, 
T, = (4/4)fW (tensile force in stud 'in due to yielding of the shaft) 

T ,  = (n/4)(8, - ~,)0.4& (tensile force in stud P due to concrete pullout) 

T, equals the smaller of T, and T, 

T" = CT, 

Figure 3.4 - Anchorage Effect of the Shear Stud Reinforcement 

In the model, the resistance to pullout was compared with the yield capacity? given by 

Avfp, where A, in this case, is the cross-sectional area of a single stud. The smaller of 

the two values is then used in calculating the contribution fiom that particular stud. The 

overall resistance provided by the shear reinforcement is the summation of the capacities 

fiom all the individual studs that breach the hceted kilure s h c e .  



3.3 YIELD-LINE THEORY 

In the design of flat slabs, promoting generalized yielding of the flexural reinforcement 

prior to punclung encourages ductile Mure. Since the shear-friction model was tailored 

to predict shear strength only, a separate means of predicting the flexural capacity was 

required. Recognized as an upper bound solution, yield-line theory, which reflects the 

crack pattern typically observed during flexural fkilures, was chosen as the means to 

predict the flexural capacity. 

3.3.1 Isolated Slab-Colum n Connections (Small Test Specimens) 

In Figure 3.5, an example of a traditional crack pattern for isolated test specimens is 

shown, along with a comparable yield-line version 

a) Experimental Crack Pattern b) Yield-Line Crack Pattern 
Cao (1993) 

Figure 3.5 - Flexural Crack Patterns (IIxperirnental and Yield-Line) 

For an interior isolated specimen, with an orthogonal pattern of flexural rebnforcement 

and the crack pattern shown in Figure 3.5 b), the yield-line capacity is given by equation 

(3-12). 



c, = columndimensionnormaltothex-direction 
c, = column dimension n o d  to the y-direction 
hlI = calibration coefficient used to relate the extent of yielding of the flexural 

rexorcement (to be determined by experimentation) 
L, = distance in the x-direction &om the fhce of the column to the support 
L, = distance in the y-direction &om the fkce ofthe column to the support 
m, = nominal moment resistance about the y-axis 
my = nominal moment resistance about the x-axis 
Qex = nominal shear force resisted by the connection as given by yield-line theory 

Since yield-line theory represents an upper bound solution, a calibration coefficient, 

is included in equation (3 - 1 2), as a means of evaluating the extent of yielding in the 

flexural reinforcement. The value of bl1 will be determined during the caliiation 

process outlined later in this chapter. 

3.3.2 Integral Slab-Column Connections (Large Test Specimens) 

In Figure 3.6, an example of a traditional crack pattern for an interior slab-column 

connection is shown. The connection is part of a two-span continuous specimen. The 

figure includes a comparable yield-line version. 

a) Experimental Crack Pattern 
Column Sl-C2 (Chapter 5) 

b) Yield-Line Crack Pattern 

Figure 3.6 - Flexural Crack Patterns (Experimental and Yield-line) 



The yieId-line capacity for the crack pattern in Figure 3.6 is given by equation (3- 13); for 

an interior specimen of a continuous slab-column fiame with an orthogonal pattern of 

flexural reinforcement. The coefficient kj,, describes the extent of circumferential 

yielding. It has arbitrarily been referenced to the slab depth, but may in fact have some 

correlation with other parameters, such as  the column dimensions or the reinforcement 

ratios. In any event, the value of the coefficient and any relation to other hctors must be 

verified by experimentation. 

h = depth of the slab 
Ry12 = coefficient relating the extent of the radial yield-line pattern to the slab depth (to be 

determined by experimentation) 

3.4 MATHCAD PROGRAM. 

The repetitive caIculations required over the possible range of failure s&es 

necessitates utilization of an electronic computer and the appropriate sohare. A 

software package by the name of Mathcad 7 Professional (1997) was used as the medium 

to create a program to calculate both the punching capacity and the flexural capacity. 

The program includes equations to calculate the shear capacity as expressed in CSA 

standard A23.3-94. 

A hard copy of the program can be found in Appendix A. 

Initially the program was used to caliirate the shear-fiction and yield-line models. Once 

cdiiration was complete, it was then used to compare the shear-fiction philosophy with 

the current CSA code provisions. Finally, the program was used to evaluate the general 

response of the connection. In other words, the program was used to determine any 

repetitive failure patterns expressed by the model. An understanding of the response 



initiated development of a simplified version of the shear-ection model, for 

concentrically loaded interior slab-column connections only. 

3.5 CALIBRATION OF THE MODELS 

3.5.1 Database of Experimental Results 

A database was compiled fiom published results on 90 isolated test specimens. Each 

specimen represented a portion of a concentrically loaded interior slab-column 

coimection. Generally, the slab dimensions approximated the line of contra flexure of the 

bending moments that the specimen, if situated in a continuous &me, would experience. 

The database was segregated into two groups. Group A contains the results of 24 tests on 

connections with shear reinforcement. Group B contains the results of 66 tests on 

connections without shear reinforcement. 

The following criteria were used to select suitable specimens: 

i) The axial loads were concentric. 

ii) The column cross-sections were either square or rectangular. 

iii) When provided, the shear reinforcement consisted of shear studs only. 

The database includes a multitude of parameters. In one form or another, all of these 

parameters were incorporated into the shear-fiction model. They included: 

i) the slab and column dimensions (including the effective depth of the slab and 

the aspect ratio of the column), 

ii) the compressive strength of the concrete, 

iii) the flexural reinforcement ratio of the slab, 

iv) the tensile strengths of the flexural and shear reinforcement, 



v) the shear reinforcement ratio, as well as the stud diameter, the stud spacing 

and the number of studs per row, and 

vi) the stud anchorage (head diameter). 

In an effort to select data fkom a diverse cross-section of published results, each group 

contained data fiom at least one series of experimental results fiom each decade over the 

last sixty years. Over time, construction materials and methods of installation may 

change, and these changes should be considered when establishing a database. Since the 

use of studs is relatively recent means of reinforcing the connection, Group A only 

contains results of tests conducted since the mid-seventies. 

Compilation of an extensive database is a tedious task. Often, authors neglect to publish 

the database with their results, which compels the next individual to duplicate the work. 

As a means of preventing such a scenario, the entire database used to calibrate the shear- 

fiction and yield-line models is presented in tabular form in Appendix B. The 

publications £tom which the data was obtained are noted within the tables and included 

the list of references at the end of this document. 

3.5.2 Calibration of Shear-FrictfonNield-Line Model 

A brief review of the process involved in predicting the punching capacity, using a model 

based on the principle of shear fiction, will enhance the reader's understanding of the 

complexity involved in calibrating the model. First, the model requires the user to 

determine a finite number of failure planes within the possible Mwe range. For each 

plane, the capacity must be evaluated. Calculation of the capacity involves a comparison 

of two pairs of limiting criteria: 

i) the optimum tension in the flexural reinforcement, TWr, versus the yield 

strength, Ty, and, 



ii) the resistance of the shear resorcement to pullout, T ,  versus the yield 

strength, T,, for each stud that traverses the Mure surface. 

Once the capacity of each and every possible fidure plane has been calculated, the 

punching capacity of the connection, V ~ w ,  is taken as the minimum value in the range. 

The punching capacity, as given by shear friction, is then compared with the flexural 

capacity, hex, as given by yield-line theory. The smaller of the two is the overall 

capacity of the connection, Vp4dge,, ,  and inherently describes the mode of Mure. 

The coefficients selected for possible alteration, in an effort to calibrate the models, were 

limited to the folIowing : 

i) the shear-Kction calibration coefficient, k, 

ii) the pseudo-tensile ratio, rt, 

iii) the pullout coefficient, k,, and 

iv) the yield-Iine calibration coefficient, (The coefficient k j , ~  was not 

included, due to an absence of test data for continuous slab-column fiames.) 

As a starting point, k was given by equation (3-14). Equation (3-14) expresses a 

dependence on the concrete strength, which was recognized by Peng (1999) for 

conventiody reinforced beams. 

The pseudo-tensile ratio, r ,  was arbitrarily set at 0.005, and a value of 0.4, as 

recommended in the 1995 edition of the CPCA concrete design handbook, was initially 

assigned to kp. The yield-line coefficient, was given a preliminary value of 1.0. 



Once initial estimates for the coefficients were chosen, the calibration process began. For 

each test specimen ia the database, the shear capacity and flexural capacity were 

compared with each other to determine the overall capacity and mode of Mure. Then, 

the predicted and experimental modes of Mure were compared. If the modes matched, 

the specimen was categorized accordingly; shear M u r e  or flexural Mure. Each 

category was then used to separately caliirate the shear-fiction and yield-line models, 

with due regard given to the h t  that adjustment of any one of the coefficients may effect 

the number of specimens assigned to a particular category. Calibration consisted of 

calculating the ratio of the experimental capacity to the predicted capacity; YI,IIP&., 

ves t  1% and /Gred?&en. The mean value (mean) and coefficient of variation (COV) 

of the ratios in each category were used as guides for adjusting the cah'bration 

coefficients. 

Different minimization techniques were used. The most successfid technique invoked 

independent selection of the calibration coefficients by minimizing the mean of a random 

selection of test specimens over a range for each coefficient. Surprisingly, the COV 

varied only slightly over each range. 

Figure 3.7 is a plot of &&flpredsJgefi for the test specimens. Figures 3.8a and 3.8b table 

the same results. The shear-fiction calibration coefficients did not require any 

adjustment @om the initial settings. The yield-line coefficient, &I, required no fiuther 

modification as well. Equation (3-12) can then be simplified. 

Since the database did not include any data fiom continuous slab-columns, a comparable 

simplification to equation (3- 13) would be purely speculative. 



3.5.3 Evaluation of Shear-FrictionNield-Line Model Using Test Data 

Using both the shear-fiction and yield-line models simultaneously, the mode of M u r e  

was accurately predicted for 68 of the 90 tests. Of these 68 specimens¶ 29 failed in 

flexwe and 39 Wed in punching. For the 22 incorrect modes of Wure, the average ratio 

of the predicted shear capacity to the predicted flexural capacity, VAgen IGeX , was 1.17. 

As one might expect, the need to differentiate between modes of M u r e  becomes 

exceedingly dZ6cult when the shear and flexural strengths are almost identical. 

V.UV 

0 10 20 30 40 50 60 70 80 

Cylinder Strength, f, (MPa) 

Figure 3.7 - Plot of ~HNPrC&fden for the Test Specimens in the Database 

For connections with shear reinforcement, an evaluation of the ability to predict the 

location of the fdwe  surface (either inside or outside the shear reinforced zone) is vague. 

The shear reinforcement served to enhance the punching capacity to such a degree that 

most of the specimens exhibited a flexural mode of failure. Twenty-four specimens 

contained shear relinforcement, The mode of M w e  was accurately predicted in 19 



instances; 15 flexural and 4 shear ICgilures. Of the 4 shear Wures; the location of the 

failure surf?ace was pinpointed successllly only once. Nonetheless, the limited number 

of applicable Wures does not shield any conclusions fiom scrutiny. 

The accuracy of the process is highlighted in the ability to evaluate the ultimate capacity 

of the connection. For the 29 correctly assessed flexural Mures and a mean s f  I .027, the 

coefficient of variation for fiesf Wfla was 13.8 percent. For the 39 specimens that M e d  

in shear as predicted, the mean of KestMdgen was 1.026 and the coefficient of variation 

was 12.6 percent. The mean value of &eSth&ed,s/;gen for all the specimens, hcIudhg those 

for which the mode of failure was incorrectly assessed, was 1.027, and the coefficient of 

variation was 13.2 percent. 

The angle of the Mure surfhce, 0, was seldom offered in each of the publications used to 

build the database. For the specimens where punching was accurately predicted, the 

angle of M u r e  was listed for only 7 tests. In most of these cases, especially the 

unreinforced series by Corley and H a w k  (1 968), the test angle was remarkably close to 

the estimated value. 



Lsgsnd for failure types: 
F - fl~xutel failure 
FIP - flt#urel fail~rtr fdlowed by p w n g  
P -punching fallm 

Legend for failure loeations 
IS - shear failurn occurred inside the shear relnfaced zme 
IS (1, il- shecir failure axxrned ineide the shear rsinforoed m e  (lhrwgh the 1st and 2nd dud) 
OS - shear failure occurred oulside the shest reinforced me 

Figure 3.8a - Tabulated Values of VmtNpredgAgen for the Test Specimens With Shear Reinforcement 



Figure 3.8b - Tabulated Values of Viepi/VP&fden for the Test Specimens Without 
Shear Reinforcement 



3.6 COMPAIUSON WITH CSA A23.3 CODE PROVISIONS 

3.6.1 Coordinating CSA Code and Yield-Line Provisions 

The accuracy of the shear-Ection/yield-line procedure is only significant ifthe accuracy 

of the method transcends the current code provisions. In an effort to do so, the same 

database was used to evaluate the performance of the code requirements provided in CSA 

A23.3-1994. Since this section is primarily concerned with developing a non-empirical 

model for the shear strength of slab-column connections, a comparison of the shear- 

Ection model and the code provisions is only possible ifthe yield-line equations are also 

applied in conjunction with the CSA requirements. 

3.6.2 CSA A23.3-94 Code Provisions 

The evolution of the current CSA A23.3-94 code provisions was detailed in Chapter 2. 

However, the final form was never summarized. For the sake of discussion (in 

subsequent sect ions of this chapter and Chapter S), relevant provisions, especially those 

that apply to concentric bads at interior connections, are compiled in the remainder of 

this section. 

According to CSA A23.3-94 the maximum shear stress, vh in an eccentrically loaded 

interior slab-column connection is calculated in accordance with equation (3- 16a). 

In the absence of unbalanced moments, equation (3-16a) can be reduced to equation 

(3-16b). 

Vf vr =- 
bod 



bo = perimeter of the critical section taken at d/2 @om the fice of the column or the 
outermost row of studs (the subscript "d2", as given in Chapter 2, has been 
replaced with "0") 

d = effective depth of the slab 
e = distance fiom the centroid of the critical section to the point where the shear stress 

is being calculated 
J = property of the critical section analogous to the polar moment of inertia 
Mf = unbalanced fktored moment about the centroid of the critical section 
VJ = shear stress due to fixtored load 
V/  = shear force due to factored load 
xl = direction of one principal axis of the critical section for two-way shear 
y, = direction of the principal axis of the critical section for two-way shear, 

perpendicular to x, 
y, = &action of the unbalanced moment transferred by eccentricity of shear at the 

slab-column connection 

For connections without shear reinforcement, the kctored shear strength, v,, shall not 

exceed the smallest of equations (3- 1 7a), (3- 1 7b) and (3- 1 7c). 

ff = 28-day compressive cylinder strength 
v,, = factored shear strength of the concrete 
v, = factored shear strength of the connection 
as = factor which adjusts vcr for support dimensions 
f i  = ratio of the long side to the short side of the column 
#c = resistance factor for concrete 
A = factor to allow for low density concrete 



For connections with shear reinforcement, Mure is considered both inside and outside 

the shear reinforced zone. Outside the shear-reinforced zone, the factored shear strength, 

v,, is given by equation (3 - 1 8). 

Inside the shear-reinforced zone, the factored shear strength is given by equation (3- 19). 

vsr = fkctored shear strength of the shear reinforcement 

If the shear-reinforced zone utilizes shear studs, the contribution fiom the concrete and 

the reinforcement is given by equations (3-20) and (3-21), respectiveIy. 

A, = area of one row of shear studs 
f, = yield strength of the shear studs 
s = spacing of the shear studs measured perpendicuIar to b, 
4s = resistance ktor  for reinforcement 

In the shear-reinforced zone, the factored shear strength shall not exceed vr,,,, as given 

by (3-22). 

vr,,, = maximum allowable fitctored shear strength of the connection 

CSA A23.3 also places limitations on the stud spacing. These limitations are given by 
equations (3-23a), (3-23 b), (3-23c) and (3-23d). 



for vf  5 0.6@~/2a, s = 0.75d 

for vf > 0.6@~1a, s = 0.5d 

so = distance between the first row of studs and the hce of the column 

All of the CSA provisions were incorporated into the Mathcad program (given in 

Appendix A) in an effort to ease the burden of repetitive calculations and to document the 

calculations used in the comparison with the shear-fiction methodology. 

3.6.3 Evaluation of CSA CodeIYield-Line Equations Using Test Data 

Once the capacity according to CSA A23.3-1994 was determined, the process descrikd 

in Section 3.5.2 was repeated (with the code clauses replacing the shear-fiction 

procedure). The punching capacity, V&A, was compared with the f l e d  capacity, V,ex, 

as given by equation (3-15). The smaller of the two defined the overall capacity, 

VgrpdCSA, and the mode of failure. Predicted modes of failure that matched test results 

were categorized accordingly. 

The CSA provisions u t h  resistance fhctors, q& and #s, in compliance with the limit 

states design format. To accurately compare code equations with experimental data, the 

resistance factors were set to unity. 

Figure 3.9 shows a plot of Y,, lV,tedtCSA, using the CSA and yield-line equations. Figures 

3.1 0a and 3.1 0b table the values. 
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Figure 3.9 - Plot of VuaNpE4csA for the Test Specimens In the Database 
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Using the CSA provisions and the yield-line equations concurrentIy, the mode of failure 

was accurately predicted for 49 of the 90 tests. Of these 49 specimens, 21 failed in 

flexure and 28 Wed in punching. For the 41 incorrect modes of failure, the ratio of the 

predicted shear capacity to the predicted flexural capacity, VCS , was 1.15, which 

once again suggests difFcultly in assessing the mode of Mure  when the shear and 

flexural strengths are close. 
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Figure 3.lOa - Tabulated Values of V,N,nacsA for the Test Specimens With Shear Reinforcement 



Figure 3.10b - Tabulated Values of VunNpnqcsA for the Test Specimens Without 
Shear Reinforcement 



Not unlike the shear-fiction method, an evaluation of the ability to predict the location of 

the Mure surface for connections with shear reinforcement (either inside or outside the 

shear reinforced zone) is vague. Of the twenty-four specimens that contained shear 

reinforcement, the mode of Mure was accurately predicted in only 1 1 instances; 7 

flexural and 4 shear fidures. Of the 4 shear Mures; the location of the Wure d a c e  

was pinpointed successfidly 3 times. However, the limited number of applicable failures 

also limits the significance of any valid conclusions. 

The accuracy of the CSA provisions in estimating the ultimate capacity of the connection 

is not much different than that for the shear-fiction method, with one exception. To 

achieve a reasonable degree of success, the code provisions had to be recalibrateit. In an 

effort to set the mean of the ratio of ~ e s t / ~ ~ e ~ , c s ~  to 1.00, equations (3-17% b and c), 

(3- 18), (3-20) and (3-23c and d) were all increased by 3 1 percent. Once the equations 

were rediirated, the code provisions and yield-line equations created a reasonable 

means of evaluating the capacity of the connections. The 21 correct flexural predictions 

had a mean of 1.009 for KestMJex, and the coefficient of variation was 14.9 percent. For 

the 28 specimens that M e d  in shear as predicted, the mean for K e S t h  was 1.007 and 

the coefficient of variation was 2 1.6 percent. The mean value of V;estNpred,cS~ for all the 

specimens, including those for which the mode of f$ilure was incorrectly assessed, was 

1.008, and the coefficient of variation was 1 7.9 percent. 

3.6.4 Comparison of the Shear-Friction Method with CSA Code Provisions 

The most attractive aspect of the CSA A23.3-94 code provisions is the simplicity of the 

equations, which are conducive to hand calculations. This is in comparison with the 

shear-fkiction model, which requires utiIization of a computer to expedite the extensive 

calculations. However, in almost every other regard, the shear-fiction model is more 

advantageous than the code provisions. 

The most s imcant  difference between the shear-fiction method and the code equations 

is the accuracy in predicting the mode of fhilure. Based on the selection of experimental 



data, the shear-fiction method is 39 percent more accurate than the code provisions. Of 

course, the accuracy attriiuted to the code provisions is in part a hc t ion  of yield-line 

equation (3-15), which is not included in the code requirements. 

A second advantage of the shear-friction model is the level of accuracy associated with 

predicting the ultimate capacity. If relevant equations are not recaliirated (increased by 

3 1 percent), the current code provisions tend to underestimate the ultimate strength. 

A third advantage of the shear-fiction model is a by-product of the process. The process 

inherently describes the failure mechanism (location of the failure swhce), which gives 

both the designer and the researcher a more in-depth understanding of the response of the 

connection. (The response of the connection, as suggested by the shear-fiction model, is 

the focus of Swtion 3.7.) 

CSA A23.3-94 assumes that the angle of the M u r e  surface equals 45 degrees. For 

hilures within the shear-reinforced zone, the assumption is a reasonable representation of 

the experimental results. It also appears to represent the average of the range of values 

predicted by the shear-friction model; 35 to 55 degrees. However, outside the shear- 

reinforced zone, and for connections without shear reinforcement, the assumption is too 

steep. 

Finally, the code equations are segmental and do not appeal to a sense of continuity. 

Figure 3.1 1 plots the ultimate capacity, based on both the CSA concrete code and the 

shear-fkiction model, versus the spacing of the shear reinforcement for three different 

diameters of shear studs. The number of studs per row is fixed at eight. The diameters 

differ in an attempt to contrast the density of the shear reinforcement. The plots have 

been normalized; that is, the capacity of each model has been divided by Vb, where V, 

equals e b 0 d  . Consider Figure 3.1 1 a), which plots the normalized capacities versus 

sld for '18 inch diameter studs. According to code equation (3-19), which is  no more than 

the superposition of the concrete strength (equation (3-20)) and the strength due to the 

shear studs (equation (3-21)), any increase in the concentration of shear reinforcement (a 



reduction in stud spacing) has no effect on the capacity of the connection. Instead, 

equations (3-1 7c), (3-22), (3-23c) and (3-23d) create a step hct ion (highlighted by the 

bold lines in the figure), which suggests that the mere presence of shear reinforcement (of 

unspecified diameter) will increase the shear strength. The two sets of criteria do not 

seem to mesh whatsoever. Even in Figures 3.1 1 b) and 3.1 1 c), for smaller stud 

diameters ( 5/16 and '/4 inch studs; not currently available in the North America. 

marketplace), the plot of equation (3- 19), merely copes the corners off the step kction. 

In contrast, the shear-fiction model provides a smooth plot of the predicted capacity. 

Curiously, the curve created by the shear-fiction model generally follows the trend 

described by equation (3-19), with upper and lower limits similar in nature to those 

stipulated by equations (3-22) and (3-1 7c), respectively. 

3.6.5 Concluding Remarks 

In t e r n  of predicting the overall response of a slab-column connection, the shear-Ection 

model is more accurate than the CSA equations. The means by which the model 

addresses the use of shear reinforcement provides the user with a sense of continuity that 

is lacking in the code provisions. On the other hand, the CSA provisions are 

comparatively simple to use. Simplicity is a characteristic that appeals to most designers. 

When given a choice, the user would undoubtedly choose the current CSA clauses as the 

preferred procedure for evaluating the shear strength of slab-column connections. 

As a mechanical representation of the punching mode, the shear-fiiction model gives the 

researcher an opporhmity to investigate the fbndamentals of the Mure process. Once 

these fundamentals are determined, they in turn might be used to create a simplified 

version of the model. If the simplified version proves more accurate than the CSA 

standard, it may well replace the standard as a more suitable alternative. This is the 

process descriid in the remainder of this chapter. 
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m~ai lure surface between face of mlurnn and first row of shear studs 

Figure 3.11 - Comparison of the Shear-Friction Model with CSA Provisions 



3.7 EXPECTED PERFORMANCE BASED ON SHEAR FRICTION 

The shear-friction process of comparing capacities fiom a multitude of failure surfaces 

not only gives the ultimate strength, but the location of the Mure surfice as weU. E-ven a 

cursory review of these locations suggests that certain trends are apparent. 

Consider for a moment, a connection without shear reinforcement. As discussed in 

Section 3.2.2.1, and in the absence of pseudo-tension, shear fiction suggests that the 

capacity of the connection approaches zero as the angle of Mure,  8, does likewise. With 

a pseudo-tensile ratio in effect, 0 typically ranges between 20 and 30 degrees. This 

range closely agrees with that observed in the literature. Figure 3.12 shows a typical 

shallow fidure surface for a pullout test conducted by Hess (1 975). 

Figure 3.12 - Failure Surface for a Pullout Test - Hem (1975) 

In the presence of shear reinforcement, shear fiction anticipates failure either inside or 

outside the shear-reinforced zone. This is not unique. All models that incorporate the 

effects of shear reinforcement do likewise. However, at each location, trends in the angle 

of Mure are somewhat unexpected. Outside the shear-reinforced zone, B again ranges 

between 20 and 30 degrees. h i d e  the shear-reinforced zone, the failure s d c e  varies 

between 40 and 50 degrees. Neither range is unusual. The interesting aspect is the 

specific location of the Mure swfkce with respect to the positioning of the studs. 



h i d e  the shear-reinforced zone, and neglecting the effects of anchorage of the stud, the 

surface typically satisfies each of the following trends: 

i) The Mure ssurfice starts at (or near) the face of the column. By doing so, the 

area of the Mure surface, and hence the effective contribution fiom shear 

fiction (over the surface area), is minimized. 

ii) The Mure surface endeavours to reach as shallow an angle as possible. 

Recall fiom Section 3.2.2.1 that a reduction in 6 results in a reduction in 

capacity. 

iii) The Mure surface crosses the least number of studs possible. 

Each of these trends is an effort to reduce the capacity of the connection However, items 

ii) and iii) are in direct opposition to each other. As the angle of inclination decreases, 

the number of studs that cross the s d c e  increases. It's this effort to minimize 8 and 

concurrently cross a minimum number of studs that forces potential fidure planes to 

typically travel fiom the hce of the column to the top of the studs. Lines OB, OC, OD 

and OE in Figure 3.13 a) show the possible failure planes. In fact, the trends are 

maintained even if the planes skirt below the stud nearest to the column. Refer to lines 

AC, AD and AE in Figure 3.13 b). In this case, the planes still breach the underside of 

the slab relatively close to the fhce of the column and item i) is upheld. 

The trend of bypassing studs is analogous to searching for a weak failure plane. 

Often, a failure s d c e  will intersect a stud just a short distance in fiom the top or bottom 

head. When this occurs, the contri'bution fkom the stud is minimal. Embedment of the 

head is too shallow to develop any significant load, and reducing the angle of inclination 

typically outweighs any increase. Lines OB', A'C', OD' and OE' in Figure 3.13 c) show 

the shift in the failure surfhce when the effects of stud anchorage is incorporated in the 

model. 



a) Probable Failure Planes Starting at the Face of the 
Column, Neglecting Anchorage Effects. 

b) Probable Failure Planes that Avoid the Stud Nearest to 
the Face of the Column, Neglecting Anchorage Effects. 

c) Probable Failure Planes that Avoid the Stud Nearest to 
the Face of the Column, Including Anchorage Effeds. 

Figure 3.13 - Theoretical Crack Locations as Predicted by the Shear-Friction Model 

Finally, at a given concentration of shear reinforcement, the Mure surfice traverses the 

space between the column and the fist row of studs. This traditionally occurs when the 

spacing between studs, s, reaches an optimal value. At this point, a M e r  reduction in 

spacing will not enhance the capacity of the connection. (A reduction in so will increase 



the capacity, but only marginally.) The scenario describes the concept of v,,,, as given 

by equation (3-22). The failure sudbce is shown by lines OB (neglecting anchorage 

effects) and OB ' (including anchorage effects). 

Outside the shear-reinforced zone, and neglecting the effects of stud anchorage, the 

s h c e  skirts beneath the last row of studs, as shown by line FG in Figures 3.13 a) and 

3.13 b). The angle of inclination is that value at which any reduction incapacity due to a 

reduction in B is offset by the increase due to the tensile stress& When the effects of 

anchorage are included, the Mure surface s M s  slightly as shown by line F'G in Figure 

3.13 c). 

Consider the surface contour shown in Figure 3.14. The contour provides a means to 

visualize the punching capacity of the connection in terms of the gamut of potential 

Mure planes. The capacity, Vdge,, is plotted against possible f$ilure locations, as given 

by xtOp and xb,*. Each of the Mure sufices shown in Figures 3.14 a), b) and c) 

corresponds with a particular point on the plot. Neglecting the possibility of flexural 

failure, the capacity of the connection is the minimum value of K.:,,. in the plot. The 

corresponding values of xtOp and xbor describe the location of the predicted failure surface. 

For this connection, Mure is expected outside the shear-reinforced zone, as shown by 

point bbh". 

Only in the most unusual of circumstances will the shear-fiction model predict the same 

minimum values of VJgen at two different Mure planes. Typically, there is only one 

location for &jgev,me. There may be however, other locations that approach this value. In 

Figure 3.1 4, the capacities at points "b" and "e" challenge the minimum at "h". For sake 

of discussion, the fdure s h c e  at "h" will be designated the primary M u r e  plane (or 

crack). Other "potential" Mure surf'aces will be termed secondary M u r e  planes. 





Verification of the existence of prirnary and secondary failure surfaces is possible by 

inspecting concrete coupons, removed fiom test specimens after punching has occurred. 

Figure 3.15 shows primary and secondary failure cracks for slab-column tests by SeibIe 

(1977). The broken lines are the prhnary and secondary failure locations predicted by the 

shear-fiction model. In each case, the crack patterns exemplifj. the trends predicted by 

shear fiction. 

Legend: 
Solid bold line - primary failure crack (experimental) 
Solid line - secondary failure crack (experimental) 
Broken bold line -primary failure crack (predicted by shear friction) 
Broken line - secondary failure crack (predicted by shear friction) 

Figure 3.15 - Crack Locations for Test Specimens SC12 and SC13; Seible (1977) 

Before proceeding with next section, a brief summary of the Mure tendencies will help 

solidlIjr the mechanics of the shear-friction model: 

i) Primary failure surfaces propagate fiom either the face of column or the end 

of the shear-resorced zone. 

ii) A potential Wure s&e will strive to reach as shallow a Mure angle as 

possible, while simultaneously avoiding as many studs as possible (i.e., the 

sudbce seeks out a weak path). 



iii) In the absence of shear reinforcement, the reduction in 0 is at some point 

o l k t  by the pseudo-tension. 

With these trends in mind, the next section is devoted to the development of a simplified 

version of the shear-fiction model, suitable for hand calculations. 

3.8 SIMPLIFIED SHEAR-FRICTION MODEL 

This section will guide the reader through the process used to derive a simplified version 

of the shear-iiiction model. Following the derivation, the simpmed version will be 

calibrated using the same database applied to the original model. The section ends with a 

comparison of the simplified version with the original, more general method and CSA 

Standard A23.3-94. 

3.8.1 Derivation of Simplified Shear-Friction Model 

The capacity of the connection as determined by the general method is given by 

equations (3-7) and (3- 1 0). The equations are given below for convenience. 

K = 0.5 k2fl (b, + b, ) h (3-7) 

The derivation of the simplified version of the shear-friction model is more 

comprehensive if equation (3-1 0) is split into two components; a concrete component, 

Vc,,, and a shear-reinforcement, or steel component, &,@. 



K,,. = nominal shear force resisted by the concrete as given by shear fiction (general 
method) 

V, ,  = nominal shear force resisted by the shear reinforcement as given by shear Ection 
(general method) 

GJg,, = nominal shear force resisted by the connection as given by shear fiction (general 
met hod) 

In this form, each component can be simplified. Let the derivation begin with 

simplification of the concrete component. 

In Section 3.2.2.2, the effect of the force in the longitudinal reinforcement, T, on the 

punching capacity, V&en, is profiled. The relationship is shown in Figure 3.3, which 

describes an optimum capacity at a value of TW. Of particular interest is the relatively 

small difference between the capacities at T' and when the steel yields. If the dflerence 

is ignored, the portion of the procedure (used in the general method) that selects the 

smaller of T,, and Ty can be abandoned. The value of T' is given by equation (3-1 1). 

Substituting equation (3- 1 1) into equation (3-25) yields an equation for the optimum 

capacity, V&, or a simplified version of the shear force resisted by the concrete, Vc,simple, 

given by equation (3-27). Equation (3-27) can be regarded as the maximum capacity that 

can be achieved for any given angle, 0, in the absence of shear reinforcement. 



K,siw = nominal shear force resisted by the concrete as given by shear friction 
(simplified method) 

V,, = nominal shear force resisted by the connection due to T,, as given by shear 
fkiction (simplified method) 

For any given angle, 0, the bracketed term in equation (3-27) is constant. The equation 

can then be rearranged. 

The value of K is a function of the dimensions bbOt and btop, each of which vary with the 

distance, xboty and the angle, 8. 

Modified Failure Surface 
Shear Studs 

For the modified failure surface, 

Figure 3.16 - Modified Failure Surface for Simplified Shear-Friction Model 



Elimination of the summation sign would further simplify equation (3-28). This is easily 

achieved by approximating the failure d a c e  shown in Figure 3.1 with that shown in 

Figure 3.1 6. 

Section 3.7 suggests that mure surfaces start at either the face of the column or the 

outside periphery of the shear reinforcement. In either case: 

The term, I,, refers to either the perimeter of the column or the perimeter of the outside 

ring of reinforcement, and can be defined in general by equation (3-30). 

2 = portion of I,, at 45 degrees to either of the x or y-directions 
I ,  = perimeter of the failure s d c e  at the bottom of the slab 

where, 

Substituting equation (3-29) into equation (3-28) gives: 

If the horizontal extent of the M u r e  surface is defined by the distance x, then tan0 can 

be expressed by hlx, and (3-32) becomes: 

x = horizontal distance fiom the bottom to the top of the Mure surface 



The contribution fiom the shear reinforcement, as given by equation (3-26), is simply a 

product of the number of studs crossed by the M u r e  s h c e  and the resistance per stud. 

n = number of rows of studs crossed by the failure surfice 

The value of n, which is generally considered to be an integer can be smeared (ie, 

averaged) and calculated for any value of x. Figure 3.17 illustrates the derivation of n in 

terms of x, which can be expressed by (3-35). 

Slab -\ 
X I Face Of '\ 

Shear Studs 
Possible Failure Surfaces 

-assuming equal cover above and below the studs, and, 

-for a failure surface extending from -for a failure surface extending from 
the face of the column to point A, the face of the column to point B, 
hop, = [X - 1/2(h-hs)ltanO - %]Is rims = [1/2(h-hs)AanO - sJs 
h, = [x - 112(h-ha)/tane - %]!s + I nw4 = [1/2(h-h,)/tane - %]Is + 1 
hop = [x - 1/2(h-h,)ltane - sJs + 1/2 n, = [I /2(h-hs)ltanO - so]ls + % 

-substituting hlx for tan0 yields, 
n = [X - (h-hs)X/h]/s = xh$sh 

Figure 3.17 - Derivation of Number, n, in Terms of Distance, x 



h, = length of the studs 

Combining equations (3-35) and (3-36) yields a simplified version of the shear force 

resisted by the shear reinforcement: 

Y,mP1e  = nominal shear force resisted by the shear reinforcement as given by shear 
ection (simplified method) 

Figure 3.17 presumes that the entire length of a stud is effective in resisting load. This is 

not the case. A certain embedment depth is required to develop the yield strength of the 

stud. Let this depth equal kd. Now consider the recommendations of the CPCA Concrete 

Design Handbook for calculating the resistance of headed studs to concrete pullout. The 

handbook suggests that the resistance is merely the product of the projected area (the 

base) of a 45O Mure cone and the rupture strength,$, given by equation (3-37). 

f, = rupture strength of the concrete for a headed stud subjected to pullout 

If the bearing surface of the head of a shear stud is nine times the area of the shaft, the 

required embedment depth (to ensure yielding in the s k )  can be calculated: 

d, = diameter of the shaft of the stud 
b = embedment depth required to ensure yielding in the stud 



If the distribution of stress in the shaft of the stud over the embedment length is assumed 

to be linear, then the average effective Iength of the stud can be determined by equation 

(3-39). 

h,r = average effective length of the stud after anchorage effects have been considered 

The effective length of the stud should replace the total stud length in equation (3-36). 

Equations (3-33) and (3-40) can be combined to give the total shear capacity due to the 

simplified version of the shear model for any value of x. 

VJdSiVk = nominal shear force resisted by the connection as given by shear fiction 
(simplified method) 

Equation (3-41) applies to the resistance of connections with and without shear 

reinforcement, and inside or outside the shear reinforced zone. Figure 3.18 shows the 

variation in capacity with distance, x, for a connection containing shear reinforcement, 

both inside and outside the reinforced zone. 
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I I - 
*Vsf,simple (inside shear reinforced zone) 

- *Vsf,sirnple (outside shear reinforced zone) 
Vsf,simple,min (inside shear reinforced zone) - 

n Vsf,simple,min (outside shear rei 

Distance, x (mrn) 

Figure 3.18 - Plot of Vsf*rimpk Versus Distance, x 

Both curves show a minimum value for KxSimPle. Since the minimum value reflects the 

capacity of the connection, it is this minimum value that designers are most interested. 

The distance, xmi,, corresponding to the minimum value of KjSjmPle is obtained by 

differentiating equation (3-41) with respect to x, setting the differential equal to zero, and 

solving for x. 

The value of xM can be substituted for x in equation (3-41) to give &xsimP~e. For a 

connection with given mechanical properties and dimensions, VdSi4 is easily derived 

using a hand calculator. 



3.8.2 Calibration of Simplified Shear-Friction Model 

The general shear-fiiction model required calibration. So does the simplified version. 

Calibration of the simplified model utilized the same procedure and database as before. 

The coefficients that were considered for possible alteration were no different than those 

considered for the general case. The values of k, rl, and k,, established for K/;,,, were 

used in the &st iterative step during calibration of F&imple. Equation (3-1 5 )  was used to 

predict Gex. The term VprrdSimP~e will be used to define the smaller of KXSimP,e and Vfl,. 
Once again, the means of calibration used in Section 3.5.2 was reapplied in this case. 

Figure 3.19 is a plot of &eSI/VP~ed,simple for the test specimens using the final values of the 

calibration coefficients. Figures 3.20a and 3.20b table the exact same results. Only the 

value of rt required further adjustment after the initial settings. For unreinforced sections 

and reinforced sections outside the shear-reinforced zone, the value of r, needed to be 

increased fiom 0.005 to 0.01 7. For Kimple through the reinforced zone, r, equal to 0.005 

was ideal. Equation (3-15) for the flexural capacity did not require any fkher 

adjustment. 

3.8.3 Evaluation of the Simplified Shear-FrictionNield-Line Model 

The accuracy of the simplified shear-action model is comparable to that of the general 

shear-fiction model. The mode of Mure was accurately predicted for 61 of the 90 tests. 

Of these 61 specimens, 28 Wed in flexure and 33 Wed in punching. For the 29 

incorrect modes of M u r e ,  the average ratio of the predicted shear capacity to the 

predicted flexural capacity, P$-SimprP IVm , was 1.25. Again, differentiation between 

modes of Mure is difiicult when the shear and flexural strengths are similar. 

For connections with shear reinforcement, the a b i i  of the simplified shear-fiction 

model to predict the location of the Wure surface is vague. The shear studs enhance the 

punching capacity to such a degree that most of the specimens exhibited a flexural mode 

of Wure. Twenty-four specimens contained shear reinforcement. The mode of W u e  

was accurately predicted in 1 8 cases; 14 flexural and 4 shear Mures. Of the 4 shear 



fdures, the location of the M w e  d c e ,  either inside or outside the shear reinforced 

zone, was pinpointed successfilly only once. 

0.00 
0 10 20 30 40 50 60 70 80 

Cylinder Strength, PC (MPa) 

Flexural Failure Predicted Correct1 

Figure 3.19 - Plot of VunNPrewle for the Test Specimens 

The accuracy of the process is highlighted in the ability to evaluate the ultimate capacity 

of the connection. For the 28 correctly assessed flexural faiIures and a mean of 1.024, the 

coefficient of variation for K e S l N g e x  was 13.7 percent. For the 33 specimens that Wed 

in shear as predicted, the mean for VI,,N&hPie was 0.969 and the coefficient of 

variation was 14.1 percent. The mean value of ~ e s f N P r e d , s i m P ~ e  for d the specimens, 

including those for which the mode of failure was incorrectly assessed, was 1.002, and 

the coefficient of variation was 14.0 percent. 

The ability of the simplified model to estimate the angle of inclination does not compare 

well with the general version. In all cases, the predicted value of 0 was lower than the 

test results. 



LOQEIW f a  faiturn locetiom 
IS - sheer failureoccurred inside the sheer reinforced zone 
IS (1,2) - shear failure ocr;urmd insidsthe shear reinfofwd tone (U~racgh the 1st and 2nd stud) 
OS - ahear failure occurred outside the shear d n f d  ume 

Figure 3.20a - Tabulated Values of VteslNpw~~mp~e for the Test Specimens With Shear Reinforcement 



Figure 3.20b - Tabulated Values of VIsl/VPrcdstnpIc for the Test Specimens Without 
Shear Reinforcement 



3.8.4 Comparison with the General Model and CSA A23.3 Code Provisions 

The simplified shear-Hction model combines the accuracy of the general model with the 

simplicity of the CSA provisions. Recall that Figure 3.1 1 was a plot of the ultimate 

capacity (based on both the CSA concrete code and the general shear-fiction model) 

versus the spacing of the shear reinforcement. Figure 3.21 is merely a duplication of 

Figure 3.1 1, with additional representation fiom the simplified version It shows the 

simplified model to be a close approximattion of the general model, except for 

unrealistically small stud spacing (s < 0.254. At a spacing less than 0.25d, the simplified 

resistance greatly exceeds the pIateau reached by the general method. However, since 

studs are never spaced this close together, the issue will not affect practical designs, and 

the designer would consider the matter inconsequential. The researcher, however, 

considers the matter unresolved and expects a means of d e w g  the plateau. 

The plateau represents a Mure surface between the face of the column and the first row 

of studs. As the spacing decreases, the angle of inclination approaches 90 degrees. The 

plateau can then be defined by setting B equal to 90' in equation (3- 10). The result is 

equation (3-43), which can be represented graphically by the horizontal lines in Figure 

3.21. 

= yield strength of the flexural reinforcement 
= value of K associated with VdJinrple,- 
= upper limitation on the nominal shear force resisted by the connection as 

given by shear fiction (simplified method) 
Knax = value of T associated with P'&imple,max 
P = average of the reinforcement ratios in the x and y-directions 



a) General and Simplified Shear Friction Models (Interior 
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m~ai lure surface between face of column and first row of shear studs. 

Figure 3.21 - Comparison of the Simplified Model, the General Model, end CSA 
Provisions 



7'- is the force in the f l e x 4  reinforcement that crosses the Mure smfirce. Since Topt, 

as given by (3-1 I), approaches Wty as 6 approaches 90°, the force in the 

reinforcement is limited by the yield strength of the bars. 

With &fJjmp,,,, defined, the difference between the simplified and general methods is 

mbimd for all values of sld. The difference increases with the density (or diameter) of 

the shear reinforcement. However, the difference is so insignificant that the remainder of 

the section will be devoted to a comparison between the simplified method and the CSA 

clauses. 

The most s imcant  drawback of the general method was the necessity for a computer to 

expedite the extensive array of calculations required to check each possible Mure 

surface. However, the simplified procedure can be completed quickly by hand. In terms 

of ease of application, that levels the playing field when comparing code provisions with 

the simplified model. 

The most significant advantage of the simplified model is the level of accuracy associated 

with predicting the ultimate capacity. The current code provisions tend to underestimate 

the ultimate strength. On the other hand, the most attractive aspect of the CSA provisions 

is the accuracy by which the mode of Mure and the location of punching fkdures (inside 

or outside the shear reinforced zone) are predicted. Of course the accuracy of assessing 

the mode of Mure is in part a hc t ion  of the yield-line equations, which are not a part of 

the code requirements. 

Another advantage of the shear-friction model is a by-product of the process. The 

process inherently describes the location of the Mure surfhce, which gives both the 

designer and the researcher a more in-depth understanding of the response of the 

connection. In this regard, the accuracy in describing the angle of faiIure can be 

considered a setback, and is in need of improvement. 



Finally, continuity provided by the simplified version is more rational than the 

fragmented procedure offered by the code. The simplified method consists of two 

equations, (3-41) and (3-43). The equations apply to connections with and without shear 

reinforcement. For reinforced connections, these provisions pertain to the reinforced 

zone as well as the meinforced zone. In terms of the reinforced zone, the provisions do 

not utilize step functions, so that any gradual change in the level of shear reinforcement 

causes a gradual change in the capacity. Abrupt changes have been avoided. The only 

slight discontinuity is the limitation on equation (3-41) imposed by (3-43). In 

comparison, the code equations are segmental and do not appeal to a sense of unity. The 

step function descriid by Clauses 13.4.8.2 and 13.4.8.6 of A23.3-1994 (and Section 

3.6.2 of this chapter) suggests an abrupt change in capacity for an insignificant change in 

the spacing of the shear reinforcement (i.e., when the spacing is slightly larger or smaller 

than either 0.5d or 0.754. Both trends are shown in Figure 3.21. 

In f$irness, ifthe step hc t ion  is ignored, the simplified shear-fkiction model more or less 

parallels that of the code. The curve described by equation (3-41) does not differ 

significantly fiom that described by equation (3- 1 9), and both equations (3-43) and (3-22) 

offer upper limitations for these curves. 

3.8.5 Concluding Remarks 

The nature of the current CSA code provisions implies a two-component system 

representing the shear capacity of slab-column connections. The concrete provides one 

part of the overall resistance. The shear reinforcement provides the other. The code 

suggests that the slope of the fidure ssurfce is constant. It is considered to approximate 

the b t u m  of a 45-degree cone or pyramid, with the base of the truncated portion 

defined by either the reaction area (the column) or the periphery of outermost row of 

shear reinforcement. This is somewhat apparent in two regards: 



i) the empirical use of a critical section at d/2 beyond the reaction area (or 

outermost periphery of the studs) to estimate the stress across the Wure 

surface. 

ii) the attempt to calculate the number of shear studs that traverse the Mure 

s&ce with the ratio, d/s. 

Experimental evidence indicates that this philosophy may be too simplistic. For 

connections without shear reinforcement, or for hilures outside he shear-reinforced zone, 

the angle of the Mure surface is generally less than 45 degrees. Inside the shear- 

reinforced zone, failures may occur at angles steeper than 45 degrees, when the critical 

M u r e  surface attempts to bypass the first row of shear reinforcement. 

In contrast, the shear-fiction model embraces the concept of a variable Mure angle. 

The model shows that the angle can be adjusted to vary the strength of the connection. 

Shear reinforcement serves to increase the capacity in one of three ways: 

i) Shear studs shift the failure surhce outside the shear-reinforced zone. This 

concept is f8miliar. It applies to capitals, drop-panels, shear-heads and 

stinups, as well as shear studs. It forms part of the basic design philosophy 

adopted by most design standards. 

ii) Shear studs traverse the failure plane, in an effort to stitch the adjacent 

surfaces together. This notion is also conventional and forms yet another part 

of most design standards. What is not conventional is the recognition that this 

phenomenon generally occurs when relatively "weak" studs have been 

installed. 

iii) The spacing of the shear studs can be used to increase the M u r e  angle, and 

thereby enhance the capacity of the connection. If "strong " studs are 

installed, the fdure surfhce often bypasses the rein.%orcement. This concept is 



foreign to most designers, and most researchers. It does not form the basis of 

any design standard at this time. 

Time is required to challenge old philosophies. Engrained ideas are not eas* 

abandoned. The design community may require additional training before the 

fundamental concepts suggested by the shear-~ction method, simple as they may be, are 

I l l y  adopted. 



CHAPTER 4 

4 MODIFICATION OF THE TESTING APPARATUS 

To date, most code provisions and publicatiolls related to slab-column connections are 

based on tests performed on isolated specimens. Specimen dimensions typically 

represent the negative moment region in the proximity of the column. One ubiquitous 

concern has been the effect of confinement on the connection. Confinement is the in- 

plane restraint generated by the portion of slab beyond the slab-column connection. To 

complicate matters, the dimensional litnitations of the connection are unknown (i.e., 

where does the connection end?). 

In an effort to clar@ the effects of confinement, researchers have published results based 

on tests where the support or boundary conditions of concentrically loaded isolated 

specimens were altered. 

i) Elstner and Hognestad (1956) reduced the length of the support under the 

edge of the specimen in an effort to retard the restraint caused by support 

fkiction. They concluded that a reduction in support restraint resulted in a 

reduction in punching resistance. 

ii) Rankin and Long (1987) varied the level of confinement by Gxing the location 

and type of support (simple supports along the line of contraflexure), while 

adjusting the length of the slab beyond the support. The confinement 

provided by the peripheral slab caused a significant rise in the shear capacity. 

iii) Alexander and Sbnonds (1992) designed a testing fiame that could vary the 

extent of rotational restraint along the edge of the specimen. The authors 



found that rotational restraint enhanced the punching capacity of the 

connection. 

While these authors have shown that confinement improves the shear capacity of the 

connection, the level of improvement has yet to be quantified. For isolated specimens, an 

enigma arises when the Ievel of confinement provided by support conditions requires 

calibration. Depending upon type of support, the beneficial effects of confinement range 

fiom inconsequential to indeterminate, making calibration both cryptic and controversial. 

The obvious solution is to compare the results fiom tests on isolated specimens with the 

results on continuous slab-column fiames. That goal led to the development of a 

rll-scale testing apparatus, designed to subject continuous fiames to gravity loads only. 

In an effort to investigate the response of slab-column b s  to seismic loads, the 

apparatus would require mod5cation to enable the transfer of both gravity loads and 

lateral loads. The design and fabrication of the renovations formed part of this research 

program, and are highlighted in this chapter. 

The chapter opens with a review of the original testing apparatus (prior to modification). 

It ends with a description of the changes needed to support a seismic scenario. 

4.2 ORIGINAL TESTING APPARGTUS 

4.2.1 Introduction 

To appreciate the fiction ofthe original testing apparatus, it is important to review the 

details of the original test specimen. The specimen was sized to represent a fbU-scale 

portion of a continuous slab-column fixme. The slab-column M e  was expected to 

represent one level of a multi-storey structure. A 1 %-span specimen was used to 

represent the response of a 3-span fnune. Symmetry and directional restraint were used 

to make this possible. 



4.2.2 Original Specimen (1%-Span, Continuous Frame) 

Consider the plan view of a simple floor system in a dti-storey building. 

Figure 4.1 - Plan View of a 3x5 Bay Flat-Slab Floor System (Original Prototype 
Structure) 

The floor plan consists of a flat slab supported by a matrix of columns. The slab is 

150mm Thiclc 
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3-span continuous in one direction (gridlines A to D) and 5-span continuous in the other 
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The transverse dimension of the slab-coIumn fiame is limited by the centrelines of the 

slab, between gridlines 2 and 3, and between gridlines 3 and 4. A broken line is used to 

define the limits of the fiarne. Hatching is used to define the limits of the specimen. 

The periphery of the slab is labelled to hcilitate further discussion. Distinction is made 

between the "length", the "width" and the "outside edge" of the specimen. The length 

and width may be generalized as "inside edges". 

A coordinate system will serve to Wher the description of both the test specimen and the 

testing apparatus. The x and y-axes are shown in plan. Using the right hand rule, the 

z-axis extends out of the page, through the centroidal axis of the column centred on 

gridlines A and 3. The slab-colm frame is located in the x-z plane. 

Figure 4.2 shows the same 3x5 bay flat-slab system Figure 4.2 a) is an eIevation of the 

building along gridline 3 (in the x-z plane). Figure 4.2 5) is an elevation of the building 

along gridline I3 (or C, in the y-z plane). Again, hatching is used to define the extent of 

the specimen. 

In each elevation, a broken line is used to describe the deflected shape of the M e  (when 

the slab is exposed to gravity load only). 
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a) Elevation of the Original Design Structure and Test Specimen in the x-z Plane. 
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when Exposed to a Uniform Load. 

b) Elevation of the Original Design Structure and Test Specimen in the y-z Plane. 

Figure 4.2 - Front and Side Elevations of a 3x5-Bay Flat Slab Floor System 
(Original Prototype Structure) 

Consider the deflected shape in the y-z plane. For an interior bay, and a uniform load 

over the entire span, the point of maximurn deflection occurs at, or near the midspan. In 



terms of the test specimen, maximum deflection occurs at the midpoints of spans 2-3 and 

3-4 (the "lengths" of the specimen, parallel to the x-axis). At these points, the slope of 

the deflected shape is equal to zero. At al l  other points dong the span, the slope varies 

with load. The presence of a constant zero slope (at a fjxed location) can be used to 

simulate continuity dong the lengths of the test specimen. To do so, the lengths must be 

restrained to simulate the deformed shape of a continuous slab. They must be k e d  

against rotation parallel to the x-axis, prevented fiom displacing in the y-direction, and 

allowed to deform otherwise. These restrictions were maintained by two rows of 

mechanical devices called ''bun* frames". The boundary fkmes are described in the 

next section. 

Now consider the deflected shape in the x-z plane. The shape is symmetrical about the 

midpoint of span B-C (the "width" of the specimen, parallel to the y-axis). The midspan 

of B-C is also the point of maximum deflection and constant zero slope. To take 

advantage of the zero slope, another string of boundary fiames were installed along the 

width of the specimen. By doing so, continuity was simulated, and a 1 %-span test 

specimen was used to reflect the response of a 3-span continuous m e .  

The specimens consisted of two columns (one edge and one interior), at 5.0 m on centre. 

Each column was 250 mm square and projected 1 500 mm (half the inter-storey height) 

above and below the slab. The slab was 150 mm thick. It spanned fiom the edge column 

(at gridline D) and continued over the interior column (at gridline C) for an additional 

half-spm. 

4.2.3 Original Apparatus (Gravity Loads Only) 

A photograph of the original testing apparatus is shown in Figure 4.3. Figure 4.4 is a 

schematic of the same structure. Shown in each figure is the 1 %-span test specimen. 



Figure 4.3 - Photograph of the Original Testing Apparatus ; Sherif (1996) 

For the sake of discussion, the original apparatus can be separated into two hdamental 

components. The 4k-t component was a steel portal fiame and load distribution system. 

The portal h m e  was used to support hydraulic actuators, while the distribution system 

spread the load fiom each actuator evenly over the sudke of the slab. The second 

component, consisting of three separate rows of steel boundary fkames, was used to 

simulate continuity along the inside edges of the slab. 

The portd h m e  consisted of back-to-back channels supported by a pair of wide flange 

columns. The base of each column was bolted to the load floor, a 750 mm thick 

reinforced concrete slab, considered rigid in comparison to the fiame. Lateral support 

was provided in the x and y-directions by diagonal braces, which extended fkom the 

erne to the floor. The fiame housed two 1500 IiN hydraulic rams. Each ram was 

mounted vertically in an effort to superimposed additional gravity loads onto the d c e  

of the slab. The load fiom each ram was transferred through a steel distribution system. 

The distribution system was used to convert a single point load (fiom the ram) into a 



matrix of 16 equally spaced point loads (onto the slab). The distributed point loads can 

be assumed to approximate a uniform load. 

Figure 4.4 - Schematic of the Original Testing Apparatus 

The portal f i m e  also provided support to the tops of the columns of the test specimen. 

Short wide £lange sections (stubs) extended down fiom the back-to-back channels to meet 

the ends of the columns. The cantilevered ends of the stubs were each equipped with a 

box-shaped housing. The housing prevented tramlation of the top of the column in the x 

and y-directions, and rotation about the z-axis. Lack of restraint allowed the tops of the 

columns to rotate about the x and y-axes. Load ceUs, mounted on the housing, recorded 

the support reactions. 

Two other box-shaped housings, mounted to the load floor, restricted movement at the 

base of each concrete column. Each housing prevented translation in the x and 



y-directions, and rotation about the z-axis. A spherical seatlroller bearing assembly was 

contained within each housing to encourage rotation about the x and y-axes, while 

restricting translation in the z-direction. Load cells, mounted to both the housing and the 

bearing assembly, recorded the support reactions. 

Boundary fkames were installed along the inside edges of the slab. Only the outside edge 

was not restrained. The eames restricted rotation about an axis parallel to the edge, and 

translation normal to the edge. In this regard, they reflected the continuity provided by 

adjacent sections of slab. Load cells, mounted in the boundary frames, were used to 

monitor the load transfer. 

Additional information regardiig the operation of the original testing apparatus can be 

found in Sherif (1 996). 

4.2.4 Concluding Remarks 

Sherifwas the first researcher to use the apparatus. He tested two full-scale, continuous, 

1 %-span, slabcolunm frames, and four isolated edge connections. He used the results in 

conjunction with data compiled by co~laborators' to investigate the effects of 

codinement. The results were somewhat unexpected. Sherifcompared the shear 

strength of isolated specimens with that of continuous fiames. Isolated edge connections 

were only marginally stronger than edge connections in continuous frames, and the 

strength of interior connections seemed d e c t e d  by continuity. He suggested that 

restraint provided by the support conditions on the isolated specimens closely mirrored 

the effects of continuity in the slab-column erne. 

' Andrae, H.P. (1977): Dilger, W.H., Elmasri, M.Z., and Ghali, A. (1978); Dilger. W.H., and Ghali, 
A. (5981); Elgabry, A., and Ghali, A. (1990); Ghali, A., and Hammill, N. (1992); Langohr, P.H., 
Ghali, A., and Dilger, W.H. (1976); Seible, F., Ghali, A,, and Dilger, W.H. (1980); Van der Voet, 
A.F., Dilger, W.H., and Ghali, A. (1982) 



In summation, the original testing apparatus was used to investigate the effects of 

confinement provided by the peripheral slab surrounding the connection. The benefits of 

symmetry, in conjunction with simulated continuity, favoured a 1 %-span specimen in 

pIace of a 3-span specimen The 1 %-span slab-column f ime was exposed to gravity 

loads only. The effects of confinement were marginal. 

4.3 MODIFICATIONS TO THE ORIGINAL TESTING APPARATUS 

4.3.1 Introduction 

The original testing apparatus was only capable of subjecting a test specimen to gravity 

load. If the user intends to simulate seismic loads, the apparatus must be modified 

accordingly. Before modifications can be made, the response of slab-column structures 

to ground tremors must be understood. In this regard, a brief review of seismic loads and 

the response of a prototype structure is included the following sections. 

4.3.2 New Test Specimen (2-Span, Continuous Frame) 

Seismic tremors exert reverse-cyclic lateral loads upon structures. If the original 

apparatus (described in Section 4.2) is expected to transfer Iateral loads to slab-column 

frames, the system will require modification. Appropriate moditications would enable 

the user to subject a slab-column fiame to a combination of gravity and lateral loads (in 

the plane of the W e ,  at the very least). There is, however, one problem. A 1 %-span 

specimen is an ideal representation of a 3-span continuous W e ,  if the f ime is exposed 

to gravity bads only. If lateral loads are introduced, it will not sufltice. A 3-span 

continuous fiame, subjected to lateral loads, is not symmetric about the midspan of the 

central bay; nor is the slope of the deflected shape at this location zero. Any restraint 

provided by bounw fkames along the width of a 1 %-span specimen would in fact prove 

erroneous. Figure 4.5 shows the deflected shape of a 3-span &me. 
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Figure 4.6 - Plan View of a 2x5 Bay Flat-Slab Floor System (New Prototype 



For seismic scenarios, the original testing apparatus would require modification to house 

at least a 2-span specimen. 

The size of the test specimen was increased fiom a 1 X-span to a 2-span continuous 

fiame. Spatial restrictions on the use of the load floor prevented expansion to a larger 

erne. The column spacing remained the same at 5.0 m on centre. Figure 4.6 shows the 

plan view of a 2x5 bay ftat-sIab floor system Hatching defines the extent of the new test 

specimen in the x-y plane. Since the slab-column fiame starts and ends with an edge 

connection, boundary h e s  are only required along the lengths parallel to the 

x-direction. 

Figure 4.7 shows an elevation of the deflezted shape of a typical slab-column m e  fiom 

a 2-bay multi-storey building. The building is exposed to a seismic event. 
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During a seismic event, the ground moves. Ground motions can be expressed in terms of 

vertical and lateral components. Since lateral movement is typically the most 

devastating, the lateral component is traditionally segregated out. Resistance to lateral 

accelerations arise Ikom inertial forces. Inertial forces are proportional to the mass of the 

structure. In a flat-slab system, the bulk of the mass is concentrated at each storey. In 

other words, the effect of ground motion is to subject the structure to lateral loads at each 

level, each load in direct proportion to the tributary mass at that level. 

The lateral loads cause relative displacements between slabs. In the absence of any 

significant axial deformation in the slab, the relative displacement between the tops and 

bottoms of the columns can be taken as the relative displacement between slabs (lateral 

drift) . 
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Figure 4.8 - Bending Moment Diagram for a 2-Bay Multi-Storey Structure Exposed 
to Seismic Loads (New Prototype Structure) 



Figure 4.8 shows the bending moment diagram for a series of concentrated loads applied 

to the slab-column frame. For clarity, the effects of gravity loads are not included. 

The lateral loads fiom each upper level are repeatedly transferred to the level below. The 

increase in load at each successive level causes an increase in the respective bending 

moment and shear force diagrams. The worst load scenario occurs at the lowest level 

above ground. 

The shape of bending moment diagram at each level is somewhat repetitive. In the 

absence of gravity load, the bending moment diagrams are linear. An inflection point 

occurs in each and every member. In a co1umn, the inflection point is essentially at 

mid-height. In fact, the presence of gravity load tends to have little effect on the location 

of the inflection point in the co1umn This recurrent effect permits simp1e isolation of any 

level corn the overall structure and thereby defines the limits of the test specimen. 

When exposed to both gravity and lateral load, the inflection points in a slab will 

approach midspan as the slab draws near to ground level. That is, the bending moments 

due to gravity load become less si@cant as the moments due to lateral toad increase 

systematically. 

In Figures 4.7 and 4.8, hatching is used to outline the extent of the test specimen in the 

prototype structure. If the specimen is isolated fiom the rest of the structure, loads 

transferred fiom the testing apparatus must reflect the response (deflected shape and 

bend'ing moment diagram) show in the figures. If lateral bad is applied to the ends of the 

columns, in opposite directions at the top and bottom, the moment distribution in the test 

specimen should closely mirror the distriiution expected in the prototype structure. To 

properly distriiute the loads, the columns should be equ* displaced (i.e., a constant 

lateral drift should be maintained). 

The original testing apparatus was dimensioned to accept specimens with columns 

lengths (above and below the slab) equal to halfthe distance between slabs. Since this 



length corresponds with the point of inflection in the prototype structure, no 

modifications to the test specimen in terms of column length were required. 

A brief review of the seismic effect on a prototype structure was necessary to determine 

the extent of the modifications to the test specimen. An understanding of the seismic 

effects, on both the structure and specimen, will also clarify the requirements for 

modifications to the existing testing apparatus (Section 4.3.2). 

This chapter is primarily concerned with changes to the testing apparatus. Discussion of 

test specimens was merely a means of justifling those changes. A more in-depth review 

of the test specimens is presented in Chapter 5. The chapter provides additional insight 

into slab dimensions, levels of reinforcement, and material properties. 

4.3.3 New Apparatus for Combined Gravity and Lateral Loads 

A photograph of the testing apparatus, with the modifications that were necessary to 

house a 2-span specimen, is shown in Figure 4.9. Figure 4.10 is a schematic drawing of 

the same structure. The figures show a test specimen in place. 

Figure 4.9 - Photograph of the Modified Testing Apparatus 





The apparatus now consists of three basic components: 

i) the original steel portal kame and the original steel load distribution system, 

modified to accommodate an additional M-span and an additional column. 

ii) the original system of boundary fiames, reconfigured to restrict rotation along 

the inside edges of a 2-span specimen. 

iii) a new lateral load distribution system, capable of displacing the top and 

bottoms of the columns in unison. 

The existing back-to-back steel channels, forming the top of the original portal Erne, 

were origimlly long enough to accommodate both spans of the new test specimen. The 

existing steel columns were merely shifted along the length. The system was equipped 

with a new pair of housings to provide restraint at the top and bottom of the third 

concrete column (second edge connection). With one exception, the housings were 

identical to those fkbricated for the original specimen. To simulate seismic loads, the 

ends of the columns would need to be cycled back and forth (in the x-direction). To 

accommodate the movement, portions of each housing (that provided restraint in the x- 

direction) were removed. Other than these modifications, the steel portal fiame remained 

unchanged. 

The two 1500 kN hydraulic rams were still used to provide gravity load to the concrete 

slab. However, ody one of the original steel distribution systems was capable of 

transferring bad to an entire span. The other required conversion Eom a half-span to a 

rll-span system 

For a 2-span slab-column m e ,  each end of the slab temdnates at an exterior 

connection. As a result, only the inside edges (along the length of the slab) required 

artificial continuity. Boundary fiames were spaced along these edges. 



The need to simulate seismic loads required fabrication of a new lateral load distriiution 

system Lateral loads were transferred to the fiame by displacing the tops and bottoms of 

the coIumns (in the x-direction). The slab itself remained stationary. The load 

distribution system consisted of two 150 kN rams to provide the lateral load, and a 

linkage between the rams and the ends of the columns. 

The rams were positioned horizontally, one directly above the other, and a storey height 

apart. The upper ram was used to displace the top ends of the columns, while the lower 

ram displaced the bottom ends. As one ram pushed, the other pulled. A secondary steel 

portal f?me was attached to one end of the main &me. The upper ram was mounted to 

this m e .  A small buttress type assembly was used to mount the lower ram to the load 

floor. 

Each ram was connected to the columns by a lateral load distribution system The system 

consisted of two main parts: 

i) the primary load transfer system, the "Iadder", which was stiff enough to 

prevent any significant differential displacement between co1urnns. The 

ladder was fhbricated fiom a pair of parallel HSS stringers. The stringers 

were connected together with severd transverse HSS purlins (or rungs). 

ii) a W a g e  between adjacent rungs and the ends of the columns. The linkage 

transfers load between the ladder and the columns. 

The steel box-shaped housings (attached to the stubs and the load floor) originally served 

to provide laterd restraint to the ends of the columns. As mentioned, a portion of the 

housing was removed to permit translation in the x-direction. The remainder was fitted 

with two new steel pins (per housing). The axes of the pins extend out fiom each housing 

(in the y-direction) and pass through slotted holes in the stringers. The pins provide 

vertical support to the ladder and restrict displacement to the x-direction (i.e., the ladders 

slide back and forth on the pins.) Figure 4.1 1 shows the slotted assembly. 



Figure 4.11 - Slotted Assembly Used to Guide the Ladders and the Load Cell 
Linkage Between the Ladder and the End of the Columns 

The linkage, also shown in Figure 4.1 1, is more than a mere connection between the 

ladder and the column. Each assembly includes: 

i) aloadcelltomonitortheloadtransfer. 

ii) pinned joints that allow translation of the column end in the x and z-directions, 

and rotation about the y-axis. 

iii) a threaded (adjustable) coupling to facilitate assembly of the linkage. 

iv) a column cap (or shoe) to encase the top (or bottom) of the column, allowing 

the transfer of tensile or compressive forces without exceeding the 

compressive strength of the concrete. 



4.3.4 Concluding Remarks 

Detailed design drawings were required for fabrcation of the mod5cations to the 

existing testing apparatus. Some of the details did not require d y s i s  and design. They 

were simply as-built drawings, constructed from measurements taken fiom existing 

components, and used to duplicate those components for the new structure. In particular, 

as-built drawings were created for expansion of the vertical load distribution system and 

the box-shaped housings. Other drawings were created for fhbrication of the lateral load 

distribution system. The design drawings are shown in Appendix C. 

4.4 PERFORMANCE OF' THE NEW TESTING APPARATUS 

This section simply provides a brief overview of the performance of the modified testing 

apparatus. Since the vertical load distribution system performed well in previous tests, an 

evaluation of this system is not included in this section Discussion is limited to the 

lateral load distribution system 

A load hysteresis loop for the lateral load distribution system is shown in Figure 4.12. 

The loop was generated prior to installation of the test specimen (i.e., the ladders were 

not connected to the columns). Displacement was arbitrarily limited to 30 mm in the 

positive and negative x-direction (each side of the column centreline). The loop was 

created to evaluate the fictional resistance of the assembly, in the absence of test 

specimens. 

The loop shows a constant resistance, regardless of direction, of 1.5 icN. The limitation 

on the load that can be transferred by the ram is 150 irN. In that case, the internal 

resistance due to Wction is expected to be at least one percent of the total load tmnsferred 

to the slabcolumn fiame. 



Displacement of Ram (mm) 

Figure 4.12 - Hysteresis Loop of the Internal Resistance of the Lateral Load 
Qistribution System (Test Specimen Not Installed) 

Verification of the stability of the hysteresis loop is possible fiom actual test data. 

During experimentation, the load transferred to each column was monitored. The total 

load transferred to the ladder was also monitored. The internal resistance is simply the 

difference between the total load transferred to the ladder and the summation of the loads 

transferred to the columns. Figure 4.1 3 shows the hysteresis loop during testing. In 

comparison with Figure 4.12, the resistance increases with displacement and reaches a 

value of 8 kN at =t30 mm. The resistance is independent of direction. 

Since the load transferred to each column was recorded, the resistance &om the lateral 

load distribution system was inconsequential in the evaluation of test data Only if the 

capacity of the ram is exceeded, prior to Mure of the slab-column specimen, is the 

resistance of any concern. This did not occur during testing. 
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Figure 4.13 - Hysteresis Loop of the Internal Resistance of the Lateral Load 
Distribution Systems (Test Specimen Installed) 

During testing, the apparatus performed reasonably well. However, a couple of minor 

problems did arise during the first test. The first problem concerned the new spherical 

seatholler bearing assembly, constructed to support the second edge column (gridline A). 

A shallow spherical seat restricted the allowable lateral displacement to 70 mm, and 

testing was terminated at that point. The radius on the spherical seat was corrected and 

the problem never reoccurred. The second problem invoived fSl.ing debris. Bits of 

spalled concrete fell onto the steel plate beneath the roller bearings. The trapped bits 

were crushed between the rollers and the plates, which not only damaged the finish on the 

bearing surfhce, but also caused an immediate increase in fictional resistance. The 

bearing plate was rekished and a canvas cowl installed to deflect the spalled bits. 

Otherwise, the modified testing apparatus performed admirably. 



4.5 CONCLUDING IREMARKS 

A testing apparatus, originaIly designed to subject a 1 %-span s l a b - c o h  specimen to 

gravity load, was modified to accommodate a 2-span specimen. The modifications 

dowed the user to superimpose reverse-cyclic deformations to the ends of the columns, 

thereby creating a seismic Ioad scenario. After rectifjring one or two minor problems, the 

apparatus fbnctioned flawlessly. 



CHAPTER 5 

5 EXPElUMElYTBL PROGRAM 

5.1 GENERAL 

5 . 1  Introduction 

Concrete flat slabs, supported by a matrix of columns, are a common form of 

construction in residential, commercial and industrial structures. The capacity of the 

associated slab-column f ime to resist load is typically limited by the ability of the slab in 

the immediate vicinity of the column, the slab-column connection, to prevent the column 

f?om punching through the slab. Punching is accelerated ifthe connection is exposed to 

h g e  unbalanced moments. Although unbalanced moments originate from a variety of 

sources, seismic activity is by fhr the most severe. Collapse of flat slab structures during 

moderate to strong earthquakes has prompted Canadian design codes to drastically limit 

the use of flat slab systems in seismic zones. In effect, little or no guidance i s  provided 

towards the seismic design of these systems. 

5.1.2 Purpose of Experimen tal Program 

The intent of this chapter is to propose and v e m  a procedure for the design of flat slabs 

in earthquake prone areas. In fkct, two procedures are presented. The first concerns the 

design of a slab-column system not intended to serve as the primary lateral-load-resisting 

structure. The second involves a system that does provide the primary lateral resistance. 

In each case, a W-scale, two-span continuous, slab-column h e  was subjected to a 

seismic scenario to evaluate the validity of the proposals. 



5.1.3 Synopsis of Results 

In most instances, the experimentaI results served to either verify or amend proposed 

design procedures. For the non-lateral-load-resisting system, an entire procedure was 

established. For the lateral-load-resisting system, the proposed methodology requires 

fiuther validation. Although a significant portion of the validation was completed, 

additional research is required to fill gaps in the procedure. 

The chapter reiterates the premise that the proper distribution of shear studs serves to 

enhance the punching capacity of the slab and thereby promote flexural deformations 

well into the non-linear range. It shows that studs increase the conhement of the slab, 

which helps maintain the integrity of the connection during reverse-cyclic loads. In the 

absence of extreme concrete degradation, significant flexural resistance is maintained 

(over repeated cycles) and dissipation of seismic energy is increased. 

5.1.4 Overview of Experimental Program 

Chapter 5 is partitioned into four distinct sections. 

Section 5.2 describes the procedures involved in the design of each slab-column frame. 

Since the requirements of the first h e  differed fiom the second, the design provisions 

differed as well. For the first h e ,  slab S1 was not considered part of the lateral-load- 

resisting system. Its primary function was to support gravity loads only. Although it was 

not expected to provide any lateral resistance, it would need to endure the unbalanced 

loads associated with the expected lateral deformation. In the second fiame, slab S2 was 

designed to resist lateral loads in conjunction with gravity loads. As no code provisions 

exist for a lateral-load-resisting slab-column &ame, provisions for other lateral-load- 

resisting systems were adopted 6om various codes and publications. 

Section 5.3 descriis the testing procedure. The procedure was broken into two phases. 

The first phase consisted of a seismic simulation, where ever-increasing lateral 

displacements were applied in addition to gravity loads. Since neither specimen 



experienced a punching type failure, phase one was expanded to include phase two. 

Phase two was defined as the residual strength portion of the test, where only gravity 

loads were applied until one or more of the connections punched. Based on the response 

of each specimen to the either phase, the procedures were altered slightly between the 

two tests. In addition to a description of the loading sequence, the section delineates the 

location of all data acquisition devices (load cells, strain gauges, displacement 

transducers, etc.). 

Section 5.4 examines the test results. It includes findings that are not directly pertinent to 

the evaluation of the proposed design procedures, but do reflect the overall response of 

slab-column hmes  to seismic scenarios. 

Section 5.5 is an evaluation of the proposed design procedures. The successful response 

of the test specimens led to verification of most aspects of the proposed methodologies. 

There were however, voids in the experimental database that prevented lli evaluation of 

the second proposal. Subsequent investigation is required. 

5.2 DESIGN PROCEDURE 

5.2.1 Prototype Structure and Specified Material Properties 

Each test specimen depicts a portion of a prototype structure. An isometric view of the 

prototype is shown in Figure 5.1. The two-span continuous slab-column specimens 

represent the lowest level (above grade) of an interior fiame. Each specimen consists of a 

150 mm thick slab, supported by three 250 mm square columns (1 interior and 2 edge 

columns). The columns project 1500 rnm above and below the slab Olalfthe clear-storey 

height). The slab measures 5.0 m in width and 10.25 m in overall length (5.0 m to the 

centrelines of the columns and 5.0 m to the edge of the boundary kames). 

Figure 5.2 Iists the speciiied material properties used in the design of the two test 

specimens. 



Figure 5.1 - Prototype Structure used for the Analysis and Design of the Test 
Specimens 
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Figure 5.2 - Specified Material Strengths 
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The concrete mix design is shown in Figure 5.3. 

Figure 5.3 - Concrete Mix Design 

Specimen 

S1 & S2 

5.2.2 Overview of Current Design Philosophy 

The National Building Code of Canada (NBCC) and the Canadian Standards Association 

(CSA) concrete design standard currently limit the use of slab-column structures in 

seismic zones. CSA A23.3-94 suggests that two-way floor systems have yet to 

demonstrate the ability to maintain resistance to lateral load during deformations in the 

non-linear range. It stipulates that the use of such structures should comply with 

guidelines in the NBCC (1995). In turn, the NBCC provides only minimal direction. It 

simply insists that the designer restrict the design to a system capable of maintaining its 

resistance to gravity loads, while undergoing the type of lateral deformations expected 

during a seismic event. Resistance to lateral loads should be provided by an alternate 

means, such as cross bracing or shear walls. Consequently, the first slab, Sl , was 

designed to withstand gravity loads only. The focus of the first test was to provide 

insight into the response of a continuous e r n e  to load reversals in the non-linear range. 

- SSD = saturated surface dry 
** - refers to total water - - WRDA64 by W.R.Grace Ltd. 

Material 

coarse aggregate (14 mm crushed rock) 
fine aggregate (washed sand at SSD*) 
cement 
fiyash 
water 
water reducing admixture (s~perplasticizer)~ 
density 

The success of slab Sl prompted a more aggressive design for slab S2. While 

maintaining resistance to gravity loads, slab S1 demonstrated the ability to withstand 

significant lateral load during deformations into the non-linear range. The test revealed 

Proportion 
(kglm3, unless noted) 

1 050 
809 
230 
90 

155" 
896 mum3 

2334 



that a properly detailed slabcolumn fi.ame was capable of exhiiiting substantial ductility, 

and in turn enabled dissipation of notable levels of seismic energy. Consequently, slab 

S2 was designed to withstand the inertial forces caused by a significant seismic event, in 

addition to the expected gravity loads. 

In the following sections, when describing the development of the design procedures for 

flat-slab systems exposed to seismic loads, existing provisions wiU be extracted fiom 

both the NBCC (1 995) and CSA A23.3-94. In terms of earthquakes, these provisions 

were developed for structural systems other than flat slabs. This practice of applying one 

notion to another is not foreign to researchers. When developing design procedures for 

unproven systems, it is common to adopt established philosophies fiom similar systems. 

It is important to recognize that each of these documents has adopted the "capacity- 

based" design philosophy for dealing with ground motions. The "capacity-based" 

methodology utilizes energy dissipating mechanisms to disperse the energy imparted 

upon the structure. It is discussed in detail in both Chapters 1 and 2. 

5.2.3 Terminology 

In subsequent sections, the provisions of the NBCC (1995) and the CSA standard A23.3- 

94 will be referenced. For the readers' clarity, any provisions fiom the NBCC will 

addressed as either "Sentences" or "Sections". Provisions fkom A23.3-94 will be cited as 

"Clauses". 

5.2.4 Slab S1; Primary Lateral Resistance from Alternate Means 

SIab S 1 was representative of a portion of flat slab designed to support gravity loads only. 

The slab-column frame was not designed to provide any lateral support. It would rely on 

alternate means, such as a system of shear walls or cross bracing, to provide lateral 

resistance. It would however, be exposed to unbalanced moments arising fiom the lateral 

deformations caused by the seismic event. 



5.2.4.1 Design Philosophy for Slab S1 

Portions of CSA A23.3-94 were used in the design of slab S 1. At times, the provisions 

were used in their entirety (i.e., Clause 1 3, "Two- Way Slab Sysfemsy '). At others, they 

served onIy to offer guidance (i.e., Clause 21, "Special Provisions for Seismic Design"). 

Clause 21 discourages the use of flat slabs in seismic zones. The only reference to flat 

slabs, Clause 2 1.9.1, recognizes an unproven ability to respond favourably during a 

seismic event. 

Clause 21.9.1 ... "Requirements for the qualzfication of two-way floor systems without 

beams are not given. 27te ability of such structures to sustain their resistance to lateral 

loads when subjected to deformation reversals in the inelastic range has yet to be 

established. If used, they must be treated as a system with (a force modification factor) R 

equal to 1.5 and be subjected to the restrictions of the National Building Code of Canada 

for such buildings. " 

The National Buildiig Code of Canada does not directly address the use of slab-column 

fiames as a stnrctural system in seismic zones. By defkult, a two-way slab-column 

structure is categorized as a supplemental system that is not expected to provide any 

resistance to lateral load. B d g  evidence fiom past experience or documented 

experimentation that would suggest otherwise, the only relevant guideline for the design 

of flat-slabs (as a supplemental system) is given by Sentence 4.1.9.1,9), c). 

Sentence 4.1.9.1, 9)) c) ... " if one of the lateral-force-resisting systems of the structure is 

designed to take 100 percent of the lateral force, R can be selected as appropriate for the 

system; the components of the structure not considered to be part of the lateral-force 

resisting system must be capable of resisting their gravio loads under seismically 

induced deformations calculated in accordance with Sentence 4.1.9.2, 2). " 

According to Sentence 4.1.9.2,2), the seismically induced defonnatons can be described 

by equation (5-I), where Aj (elastic) is the lateral deflection at any level. The deflections 



are determined by an elastic analysis of the lateral-load-resisting system, using the 

distributed values of an equivalent base shear, which has been reduced by R, in 

accordance with a capacity-based design. 

A, (seismic) = R A, (elastic) (5-1 

R = force modification factor that reflects the capability of a structure to 
dissipate energy through inelastic behaviour 

Ai (elastic) = lateral deflection of the ih level of a multi-storey structure as determined by 
elastic analysis of the lateral-load-resisting structural system; the equivalent 
base shear used in the analysis should be reduced by R 

Ai (seismic) = lateral deflection of the level of a multi-storey structure due to seismic 
loads 

Sentence 4.1.9.2,3) sets limitations for the deflections given by equation (5- I). It 

restricts inter-storey driff to 1 percent for post-disaster facilities and 2 percent for other 

structures. The inter-storey drift (or lateral drift ratio), D, is the ratio of the laterd 

deflection to the height between adjacent storeys (D = A/h)i. In lieu of more detailed 

calculations, these limitations may be used in place of the values tabulated by elastic 

analysis. 

For slab S 1, the design process appears simple. Choose a lateral-load-resisting system 

(other than the slab-column frame) to meet the design restrictions outlined in NBCC 

(1 995) and CSA A23.3-94. That is, this system must resist the inertial forces associated 

with the seismic event (and ductility of the structure) and simultaneously ensure that the 

structure does not deform beyond the lateral drift limitations. The slab-column fiame, on 

the other hand, is not designed to resist the inertial forces. However, the fiame must 

however maintain its resistance to gravity loads while exposed to the type of lateral 

deformations expected during the seismic event. Whether or not the fiame remains 

elastic is up to the designer. 

Although CSA A23.3-94 makes specific reference to the enigmatic response of two-way 

floor systems, other provisions in the CSA code parallel the general philosophy for the 



design of non-lateral-load-resisting systems (as stipulated by the NBCC). These 

provisions are noted in an effort to illustrate that the aforementioned philosophy has been 

adopted for other non-lateral-load-resisting systems. The section that applies to "Frame 

Members Not Considered as Part of the Lateral Force Resisting System" is Clause 21.8. 

Since Clause 21.8 does not offer any specific guidance in terms slab-column fiames, it 

was used only as an expectation of the performance sought during testing. The level of 

performance is "intended to apply to members which are not part of the lateral load 

carrying system in structures designed using a force modification factor, R , greater than 

1.5." Clauses 21.8.1.2 and 21.8.1.3 emphasize the expected behaviour. 

Clauses 21.8.1.2 ... Unless it can be shown that moments in these members will not exceed 

their nominal resistance when the complete siructure is deformed laterally through R 

times the deformation calculatedfir factored loads, these members mast be designed to 

accommodate lateral deflection through the formation of a plastic hinge mechanism. 

Clauses 21.8.1.3 ... Tibe nominal axial, shear, andflexural resistance of each member 

shall be suj$ficient to cany all forces due to specified gravity loads and the axial and 

shear effects generated by the structure undergoing a displacement of R times that 

calculatedfor factored seismic loads. 

The difference between the provisions in Clause 21.8 and the combined expectations of 

Clause 2 1.9.1 and NBCC (1 995) is the liberty to utilize plastic hinges. Keep in mind that 

the NBCC does not denounce the use of plastic hinges. It just neglects to make any 

specific reference in this regard. It presumes that the designer understands the need for 

energy dissipating mechanisms when utilizing a capacity-based design, and that plastic 

hinges are a proven form ofthese mechanism. Since slab SI is not intended to provide 

any lateral resistance, there is no stipulation as to whether the connection should be 

elastic or plastic. 

If these guidelines are incorporated for flat slabs, specimen S 1 must be capable of 

supporting the expected gravity load as it deforms laterally. If the nominal resistance of 



any member (specifically, the slab-column connection) i s  reached prior to the expected 

deformation, the member must be detailed to ensure the formation of a plastic hinge. All 

other members must be detailed to ensure that the hinge occurs at the prescribed location. 

Although not stipulated in the code, the integrity of the hinge should be maintained 

through repeated cycles in the non-linear range. 

Robertson and Durrani (1 992) have shown that slabcolumn h m e s  without shear 

reinforcement require restrictions on the level of gravity loads to ensure suEcient lateral 

drift. Other work (Cao (1 993), Brown and Dilger (1 996), Megally (1 999)) suggests that 

isolated connections, detailed with only minimaI levels of shear-reinforcement, can easily 

meet the 2 percent drift Wat ion  without restricting vertical loads. The results show that 

proper placement of shear studs not only allows the formation of a plastic hinge, but also 

provides enough confinement to prevent significant degradation of the punching capacity 

during cyclic deformation. The presumption can be made that the entire slabcolutnn 

fiame will respond in a similar manner. 

At first gIance, the design process seems clear cut. Utilize shear studs as an effective 

means of enhancing the shear strength of a slab-column connection. Discriminatory 

safety fiictors will ensure that the flexural capacity exceeds the shear capacity. Proper 

phcement of shear studs provides enough confinement to allow the formation of a plastic 

hinge, prevent excessive degradation, and thereby allow repeated dissipation of energy. 

The process seems simple, but it has yet to address a means of establishing the 

unbalanced moment associated with lateral drift. This is a problem. At drift ratios of 1 

or 2 percent, the flexural. resistance of shear-reinforced connections, while no longer 

elastic, has not necessarily reached its plastic limit. To date, research in this area has not 

developed a means of predicting the unbalanced load as a h c t i o n  of lateral drift. 

Isae No. I - Development of a means to esfr*lt~ate the unbalmced moment as a 

function of luterai drifi. 



To compound the problem, the presence of shear studs reduces the level degradation, but 

does not eliminate it. Degradation of the concrete occurs as the connection undergoes 

reverse-cyclic flexural deformations in the non-linear range. The degradation causes a 

reduction in shear capacity. Even if the unbalanced moment is known and is 

incorporated into the design process, the resultant shear stresses must not exceed the 

resistance at the given level of deterioration. Researchers (Brown and Dilger (1 994), 

Durrani et al. (1995), Megally and Ghali (1997)) have suggested suitable values for the 

allowable shear strength of co~ections exposed to signiscant seismic scenarios. While 

Durrani et al. did d a t e  the strength to the lateral drift ratio, this author is not aware of 

any correlation with the number of cycles in the non-hear range. 

Issue No. 2 - Evduafion of the allowable shear resistance following exposure to 

seilrntic deformztbm Speciftcaliy, correlatrin of the shear resistance with the lateral 

drift ratio and the number of cycles in the non-linear rang& 

Since a procedure for calculating the unbalanced moment as a function of lateral drift was 

unavailable, moments due to lateral loads were not used in the design of slab St; 

Although the moments might have been estimated fiom existing data (Cao (1 993), Brown 

and Dilger (1994)), the slab was designed for gravity loads only. It was expected that the 

experimental results would shed some light in this regard. 

The following subsections detail the design process adopted for Slab S 1. It was an 

assimilation of procedures (mostly code provisions) that required no more than a simple 

hand-held calculator to complete the design. 

5.2.4.2 Loads 

In the development of new structural systems, the researcher continually challenges the 

limits of the existing system. Since this project is concerned with advancing the design 

of flat slabs, challenging the limitations of the shear strength of the connection is 



inevitable. One means of doing so is to utilize a relatively large live load to increase the 

forces applied to the connection. 

Slab S 1 was designed for a specified Iive load of 4.8 kPa. Since the specimen would not 

support any superimposed dead loads, none were used in the design. The total design 

dead load was merely the self-weight of the slab, which equalled 3.53 kPa. 

5.2.4.3 Flexural Design 

When research on shear reitlforced slab-column connections first commenced at the 

University of CaIgaryy the configuration of future test specimens was more or Iess 

established at that time. In particular, the slab has remained at a constant depth of 

1 50 rmn. The requirements of Clause 1 3.3, "Minimum SIab Thickness"' (or comparable 

provisions in earlier editions), may or may not have iduenced the selection process. The 

constant slab depth was also a hc t ion  of a load transfer limitation on an earlier testing 

apparatus (1045 kN ram) and a reluctance to modify that particular apparatus. Moreover, 

the slab depth had already been explored as a possible parameter; m h e r  experimentation 

in this regard was not considered beneficial. Since then, changes in slab depth would 

only serve to cloud comparisons between new and existing results. The point is, the 

requirements of Clause 13.3 were only checked to determine whether or not compliance 

was met. If the limitation expressed by equation (5-2) is used, the slab depth should not 

be less than 158 mm, 

1, (0.6 + fy/l 000) 
h= (CSA A23.3-94, C1.13.3.3, Eq. 13-1) 

30 

1 Throughout Section 5.2, "Design Procedure", references will be made to clauses in the 1994 
edition of the Canadian Standards Association concrete design standard, CSA A23.3-94, 'Design 
of Concrete Structures". In the event that the dauses pertain to earlier editions, those standards 
will be appropriately referenced at that time. 



S, = specified yield strength of reinforcement 
k = thickness of the slab 
I ,  = length of the clear span in the direction that moments are being determined, 

measured fhce to fkce of supports 

Since the slab depth is less than that imposed by equation (5-2), the deflection of the slab 

will be checked once the flexural reinforcement has been determined (Cl. 13.3.6). 

The provisions of Clause 13.9, "Slab Systems as Elastic Frames", were used to determine 

the flexural reinforcement requirements. The slab-column £tame was taken as a plane 

came, composed of equivalent line members intersecting at member centrelines. The 

design isolated the slab from other portions of the design structure by fixing the fix ends 

of the columns. 

The members were modelled as prismatic elements, in accordance with Clause 13.9.3. 

Live loads were patterned, in accordance with Clause 13.9.4. 

Moment distribution was used to calculate the design moments. The design moments at 

all supports were taken as the moments at the centreline of the support and not at the hce 

of the support. The factored values are given in Figure 5.4. The table includes the design 

values for bending in and out of the plane of the slab-column £kame. 



b) Positive bending moments used in the design of the flexural 

a) Negative bending moments used in the design of the flexural 
reinforcement for specimen S1; 

Location 
Column 

c) Unbalanced bending moments and shear forces used in the 

reinforcement for specimen S1; 

A3 
S143  

Figure 5.4 - Design Moments and Shear Forces for Slab S1 

The provisions of Clause 13.1 1, "Slab Reinforcement", were used to define: 

C 
2-3 & 3-4 

31 -8 
x 

calcualtion of shear-reinforcement for specimen S1; 

i) the minimum flexural reinforcement ratio 

83 
S I X 2  

Gridline 
Span 
Mix (kN-m) 
Nlfy (kN.m) 

ii) the required concentration of flexural reidorcement over supports 

C3 
Sl -C I  

A 
2-3 & 3 4  

31.8 
x 

3 
A-B & B-C 

x 
114.7 

Lacation 
Column 
vk (kN) 

iii) limitations on bar spacing 

E3 
2-3 & 3-4 

60.5 
x 

B3 
S142 
344.5 

A3 
S1-C3 
125.6 

iv) anchorage details 

C3 
SI-CI 
125.6 

v) minimum requirements for integrity steel (to prevent progressive collapse) 

The flexural reinforcement was distniuted throughout the column and middle strips in 

compliance with the limitations outlined in Clause 13.12, bbReinforcernent for Regular 

Slabs Without Beams". Generally speaking, the bottom layer of reinforcement was 



uniformly distributed in each direction, while the top mat was concentrated over the 

supports. Figures 5.5 and 5.6 show the upper and lower layers of flexural reinforcement 

for slab S 1.  
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5.2.4.4 Shear Design 

The design values of the forces used to determine the shear reidorcement at the supports 

are shown in Figure 5.4. 

The provisions in Clause 13.4, "Design Procedures for Shear for Slabs Without Beams", 

were used to calculate the shear reinforcement requirements for Slab S1. Only shear 

studs were considered. This preference was due in part to a departmental bias and in part 

to the superior performance of studs. That is, shear studs were developed at the 

University of Calgary, and the heads on shear studs have proven to be a more eective 

form of anchorage than the bends at the comers of stirrups (Seible et al. (1980), Ghali and 

H d  (1 992)). The CSA provisions are outlined in Section 3.6.2 of this document. 

In North America, the smallest commercially available stud has a shaft diameter of 

9.53 nun (3/8in). That being the case, the connections were designed with this limitation 

in mind. The end result was that the provisions of Clause 1 3.4.8.6, which are 

independent of the dianeter (and thereby the area) of the stud, governed at both the 

interior and edge connections. Clause 1 3.4.8.6 is given by equations (3-23c) and (3-23d) 

in this document. The equations are reiterated for clarity. 

for vf 5 0 . 6 @ = 1 a ,  s = 0.75d (3 -23c) 

for vf z 0 . 6 # = 1 e ,  s = 0.5d (3-23d) 

d = effective depth of the slab 
f: = 28-day compressive cylinder strength 
s = spacing of the shear studs measured perpendicular to 6, 
vf = shear stress due to factored load 
#c = resistance factor for concrete 
A. = fhctor to allow for low density concrete 

The segmental nature of the equations only approximates the relationship between the 

punching capacity of the connection and the amount of  shear reidorcement. Recall 



Figure 3.1 1, which illustrates the pattern. The plots in the figure show that the shear 

strength is at times governed by the spacing of the studs, with no influence fkom the size 

of the studs. The effect is more pronounced for large diameter studs. Although the 

premise is reasonable for small spacings (s < 0.5d), the relationship is debatable for other 

scenarios (s > 4, especially if the stud diameter is reduced (ds < 9.53mm). As a means of 

challenging the segmental nature of the code criteria, the 9.53 mm diameter studs at one 

of the edge connection (Sl-C3) were replaced with 6 mm studs, which were imported 

from DEW Ankersysteme GMBH, Germany. Figure 5.7 shows the shear reinforcement 

at each slab-column connection. 

5.2.4.5 Deflection Check 

As previously discussed at length, the focus of the testing program was to investigate the 

response of a slaticolumn fiarne to a seismic event. Particular attention wd3 focus on the 

ability of the fiame to deform laterally, possibly exposing the connection to rotations 

within the non-linear range. In the likelihood that the connection does deform within the 

non-linear range, special attention will be given to the potential for energy dissipation. 

Whether the design meets the limitations imposed on vertical deflections (due to gravity 

loads only) is a secondary concern. 

Since the limitations on the slab depth imposed by Clause 1 3.3.3 (equation (5-2)) were 

marginally exceeded, a deflection check was required. Using Clauses 9.8.2.3 and 9.8.2.4 

to approximate the moment of inertia for continuous spans and applying the results to a 

propped cantilever, the live load deflection (based on a span to the centreline of supports) 

was estimated at 14.1 mrn (1/355). The value was close enough to a restriction of 11360, 

for floors supporting non-structural elements likely to be damaged by large deflections. 
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Figure 5.7 - Shear Reinforcement for Slab S1 



5.2.5 Slab S2; Primary Lateral Resistance from Slab-Column Frame 

Results fiom the test on Slab S1 suggested that a slab-column fiame might well 

endeavour to provide the primary lateral resistance for limited height structures exposed 

to seismic events. Since such a proposal had never been approached in the past, no 

design criteria speciiic to flat slabs existed. For the purpose of constructing a second 

specimen, a preliminary procedure would need to be developed fiom current design 

provisions. Criteria for ductile reinforced-concrete beam-column h e s 2  were coupled 

with general expectations outlined in the NBCC (1 995)), guidelines suggested in related 

publications4, and the experimental findings fiom Slab S 1. 

5.2.5.1 Design Philosophy for Slab S2 

As discussed in Chapter 1, a capacity-based design uses the philosophy that equivalent 

static loads can supplant dynamic loads due to ground tremors. In compliance with this 

philosophy, the NBCC (1 995) provides a means for determining and distriiuting the 

equivalent base shear. The base shear is reduced in accordance with the non-linear 

behaviour of the structure, specifically, the level of ductility. The distributed base shear 

is used in conjunction with an elastic analysis to determine member forces. Once the 

member forces have been determined, the provisions of Clause 21 of CSA A23.3-94 are 

used to design and detail the individual elements. The basic design philosophy is 

described by Clause 2 1.2.1.2. 

Clause 21.2.1.2 .. . ''Clause 21 contains special requirements for the design of reinforced 

concrete members of a structure for which the design forces, related to earthquake 

motions, have been determined on the basis of energy dissipation in the non-linear range 

Clause 21 , "Speciial Provisions for Seismic Designn, of CSA A23.3-94, especially Clause 21.2, 
"General Requirements*, Clause 21.3,"Ductile Frame Members Subjected to FlexumU, and 
Clause 2 1.7, "Shear Strength Requirementsu. 

Clause 4. I -9, 'Live Loads Due to Earthquakesn, of the National Building of Canada (1 995 
Edition). 

Shenf (1 996). Megally (1 999) 



of response. These structures shall be the subject ofcapaciv design. In the capacity 

design of structures, energy-dissipating elements or mechanisms are chosen and suitably 

designed and detailed, and all other structural components are then provided with 

sutcient reserve capacity to ensure that the chosen energy-dissipating mechanisms are 

maintained throughout the deformations that may occur. ' 

However, provisos for flat slabs as the primary lateral-load-resisting system are not 

included. Recall that Clause 2 1.9.1 contains a footnote that explains the exclusion. (The 

footnote was reiterated in Section 5.2.4.1, as a reflection of the current understanding of 

the response of slab-column systems to seismic loads.) It concedes that flat-slab systems 

have yet to prove capable of maintaining lateral resistance when exposed to non-linear 

load reversals. In the unlikely event that flat-slabs may be considered, A23.3-94 suggests 

that the provisions of the NBCC (1 995) be followed. 

The only relevant provision in the NBCC is given by Sentence 4.1.9.1,2), d). 

Sentence 4. I .  9.1, P), d) ... "lf it can be demonstrated through research or experience that 

the seismic performance of a structural system is at least equivalent to one of the (cases 

with a force modification factor, R, not less than 2. O), then such a structural system will 

qualify for a value of R corresponding to the equivalent case.. . " 

Although the level of guidance is minimal at best, it offers a challenge to the researcher. 

It prompts a search for a means to allow the use of flat-slab systems as the primary 

lateral-load-resisting system in seismic zones. To do so, a starting point is required. In 

this case, a prebhary design procedure was developed. It will be verified or amended 

in accordance with the results of the experimental program The procedure was adapted 

fiom capacity-design provisions given in either the NBCC (1995) or CSA A23.3-94 for 

beam-column W e s .  Bearn-column frames designed in this khion have proven 

successfid, both in the laboratory and during actual seismic events. 

If a portal fiame is required to provide lateral resistance, two design options exist. For 

any magnitude of earthquake, the structure can remain elastic and withstand the 111 brunt 



of the ground motion. Or, the structure can deform plastically to dissipate seismic 

energies. The plastic, or non-linear system will experience a smaller lateral load than its 

elastic counterpart. However, the ductile structure must be properly detailed to ensure 

that repeated non-Linear deformations can occur without severe degradation of the 

individual members. Generally, non-hear deformations are isolated in the hinge, 

thereby mhbkhg the extent of specid detailing. For major seismic events, the 

assumption of elastic behaviour requires more robust structures. Consequently, designers 

traditionally opt for lighter non-linear systems. In either case, the decision to provide 

resistance to seismic loads requires an evaluation of inertial forces. 

In compliance with a capacity-based doctrine, the NBCC (1 995) has adopted the 

philosophy that dynamic loads associated with ground tremors can be supplanted by 

pseudo-static (or equivalent-static) loads. The pseudo-static load is expressed in terms of 

an equivalent base shear, 6. By dehition, V,  is the equivalent lateral force at the base 

of the structure due to elastic response. For non-hear response, V, is reduced. The 

nomenclature for the reduced equivalent base shear is V. Among other things, the 

magnitude of V is a hc t ion  of the level of ductility, p, that can be developed in the 

overall structure. The level of ductility is expressed iu terms of a force reduction factor, 

R, where R is given by equation (5-3). 

R = force modification fxtor that reflects the capability of a structure to dissipate 
energy through inelastic behaviour 

V = minimum lateral seismic force at the base of the structure 
V, = equivalent lateral force at the base of the structure representing elastic response 
U = fkctor representing a level of protection based on experience = 0.6 

Values of R are recognized for a variety of structures, but not slab-column fiames. If a 

suitable value of R (or ,ti) can be determined for slabcolumn fiames, then the base shear 

can be calculated. 



Issue No. 3 - Deeermhation of load redticfin factor, R, for slubcolumn frumes. 

Once the base shear is determined, it must be appropriately distributed between the 

various levels of the structure. The distributed loads reflect the inertial forces arising 

fiom each level. The diibuted loads are used in an elastic analysis of the structure to 

determine the loads in individual members. Once the member loads have been 

determined, the location of the energy dissipating mechanisms must be selected. 

Typically, the mechanisms rely on inelastic flexural deformations and are thereby termed 

plastic hinges. The abdity of the hinge to maintain flexural capacity as it deforms within 

the non-linear range is an expression of the ductility of the hinge, and indirectly, the 

overall structure. 

Although caution must be used to prevent collapse mechanisms, hinges are usually 

positioned at locations of maximum moment. For lateral loads, maximum moments in 

both beams and columns (or stabs and columns) occur at the connections between the 

two. Since the moments are maximized, so is the potential for energy dissipation The 

drawback is the potential for shear Mure, which is increased ifreverse-cyclic 

deformations promote degradation of the connection. Degradation is minimized if the 

connection is well confined, which delays any adverse phenomena such as "shear slip" or 

crushing of the concrete. For beamcolumn fiames, CSA A23.3-94 provides strict 

guidelines to not only enhance the shear capacity of the connection, but aIso ensure that 

reverse-cyclic deformations do not cause excessive deterioration. Similar guidelines do 

not exist for slab-column -es. 

Issue No. 4 - Development of guidelines to prevent degradation of the concrete at slab- 
column connections during reverse-cyclic deformations in the non-linear range, 

To date, several experimental programs (including slab S 1) have observed various levels 

of non-linear deformation at the slab-column connection. Proper use of shear studs not 

only increased the punching capacity, but also provided sufiicient confinement to hinder 

degradation. Using experimental results in conjunction with guidelines for beam-column 



fiarnes, a procedure for the design of slab-column structures as the primary lateral-load- 

resisting system is proposed in this document. 

The procedure was used to design slab S2. It is outlined in the remainder of this section 

In an effort to maintain a reasonable level of continuity, £indings fiom slab S1 that 

inspired parts of the preliminary procedure are briefly noted, and will be discussed in 

detail in upcoming sections that describe the experimental results. 

5.2.5.2 Loads 

The provisions in Section 4.1.9, "Live Loads Due to Earfhquahs", of the NBCC (1995) 

were used to determine the specified loading due to ground motion. The provisions 

imply that the base shear is a hc t ion  of several parameters. These include the 

magnitude of the event expected in the region, the fundamental natural frequency (mass 

and s taess)  of the structure, the type of foundation, the level of ductility, and the 

condition of the structure following the event. The following specifics were used: 

i) The design location was Vancouver, B.C., which has an acceleration related 

seismic rating, 2, = 4, a velocity related seismic rating, Z, = 4, and a zonal velocity 

ratio, v = 0.2. This is not the most severe seismic zone in Canada, but it does 

represent a densely populated region where a significant number of structures, 

similar to the prototype, have or will be constructed. 

ii) The prototype structure utilized in the analysis and design of slab S2 is identical to 

the prototype structure used for slab S 1 and shown in Figure 5.1. The portion of 

the structure depicted by slab 52 is the same as that for slab S 1. 

iii) Gravity loads included a brick veneer, a superimposed dead load of 1.0 lN/m2, an 

occupancy load of 2.4 kWrn2, a ground snow load, S., of 1.6 kNlrn2, and a 

corresponding rain load, S, of 0.2 kN/m2. Figure 5.8 shows the weight of each 

level of the structure. 



iv) The natural fiequencies were determined using a commercially available analytical 

software package ("S-Frame fur Windows" (Educational Version; Copyright 1 995- 

1998), by Sofiek S e ~ c e s  Ltd.). The prototype structure was analyzed as a series 

of elastic fiames in each direction. Slabs and columns were modeled as prismatic 

members. The s o h a r e  incorporates a stressed eigenvalue analysis to determine 

the natural fiequencies, in which one half of the specified live load was included in 

the computations. The fundamental fiequencies were calculated to be 0.80 Hz for 

the two-bay k e s  and 0.84 Hz in the five-bay direction. 

v) The structure was founded on rock. 

vi) The force modiication factor, R, was taken as 3.0. The results of the test on slab 

S1 indicated that the ductility of the slab-column fiame would allow a force 

reduction fiictor between 2.0 and 2.5. However, during the test, lateral 

deformations were limited by rotational restraint in one of  the roller 

bearinghpherical seat assemblies at the base of column S1-C3. As a result, the 

testing procedure was terminated early, at a lateral drift ratio of 4.4 percent and a 

ductility ratio of 2.95 (equivalent energy bi-linear representation). At this point, the 

load deformation envelope for the overall e r n e  had just peaked and was showing 

minimal signs of degradation. Since similar procedures on isolated specimens 

(Brown and Dilger (1 996), Megally (1 999)) have shown that larger ductility ratios 

are possible, the decision was made to proceed with R = 3.0. It was expected that 

the use of a greater concentration of shear reinforcement would fkther e h c e  the 

level of confinement and ensure the larger anticipated value. 

vii) The prototype structure would serve as a residential or commercial unit and not a 

post-disaster facility. 



* - weight due to superimposed dead load. 
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Roof 
3rd Floor 
2nd Floor 

Figure 5.8 - Storey Weight of the Design Structure 

Once the design parameters were chosen, the base shear, was distri'buted according to 

the procedure in Section 4.1.9 of the NBCC ( I  995). (The entire procedure was reviewed 

in Section 1.3.3, "NBCC Seismic Provisions" of Chapter 1 .) The distributed loads are 

shown in Figure 5.9. 
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Figure 5.9 - Equivalent Base Shear; Distributed Between Floors of the Design 
Structure 
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b) Calculation of distributed lateml loads in the Sbay direction; 

5.2.5.3 Flexural Design 

Once the base shear was distributed, an elastic analysis was used to determine the forces 

in the individual members. The forces due to seismic loads were combined with those 

from gravity loads. Load combinations are detailed Sentences 4.1.3.2,3) and 

4.1.3.2,8) of the NBCC (1 999, or Clause 8.3.2 of CSA A23.3-94. For dead, live and 
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earthquake load cases, the relevant combinations are given by equations (5-4a), (5-4b) 

and (5-4c). 

D = dead loads, or related internal moments and forces 
E = earthquake loads, or related internal moments and forces 
L = live loads due to intended use and occupancy, snow, ice and rain, or related internal 

moments and forces 
a~ = load factor for dead loads 
a~ = load factor for live loads 
y = importance factor 

Each load case was analyzed using the S-Frame software. Live loads were patterned, in 

accordance with Clause 13.9.4. Lateral loads were reversed to account for the cyclic 

nature of an earthquake. In an effort to reduce the rnaximum moments (positive or 

negative), moment redistribution was used. The extent of allowable moment 

redistribution is generally, but not aiways, considered to be a hct ion of the flexural 

reinforcement ratio, p, or the flexural relirforcement index, w. Depending on the design 

code, upper limits range between 15 and 66 percent. Clause 9.2.4 of CSA A23.3-94 

allows an upper limit of 20 percent. A comprehensive outline of the provisions fiom 

several design codes can be found in Sveinson (1999). For slab S2, the extent of 

redistniution was between 10 and 20 percent. Figure 5.10 lists the redistri'buted 

moments used in the design of the flexural reinforcement for slab 52. 



a) Negative bending moments used in the design of the flexural 
reinforcement for specimen S2; 

Figure 5.10 - Design Moments at the Supports and the Midspans for Slab S2 

Location 
Column 
Mhc (kN.m) 
Mf, (kN*m) 

b) Positive bending moments used in the design of the flexural 
reinforcement for specimen S2; 

The flexural reinforcement was distributed throughout the slab in compliance with the 

limitations outlined in Clause 1 3.1 1, "Slab ReinforcemenP', and Clause 1 3.12, 
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layers of flexural reinforcement for slab S2. 
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5.2.5.4 Shear Design 

The development of a procedure for the shear design of slab S2 follows the philosophy 

embraced for the flexural design. Provisions of NBCC (1 995) and CSA A23.3-94 that 

currently apply to ductile concrete hmes  are used as guidelines to establish a procedure 

for the shear resistance of a slab-column fiarne (as the primary lateral-load-resisting 

system). 

The premise for the shear design of the beams in a ductile moment-resisting frame is best 

exemplified by Clause 2 1.7.2.1. 

Clause 2 1.7.2.1 ... "Frame members that satisfi Clause 21.3, "Ductile Frame Members 

Subjected to Flexure", shall resist a factored shear, determined by assuming that 

moments equal to the probable moment resistance act at the faces of the joint so as to 

produce maximum shear in the member, and that the member is then loaded with the 

specified tributary load along the span. The moments corresponding to probable 

strength shall be calculated using the properties of the member at the faces ofthe 

support. ' 

Clause 2 1.7.2.1 suggests that a plastic hinge with a probable moment of resistance occurs 

at the face of the support. For flat slabs, a hinge is three-dimensional and develops about 

the perimeter of the column. The major concern is the means of calculating the probable 

moment of resistance. Yield line theory was adopted to do so. 

Figure 5.13 shows the crack pattern for columns S I -C 1 and S 1 -C2. The crack pattern 

can be used to reflect the yield-line pattem that should be simulated when estimating the 

probable moment resistance. Keeping in mind that Figure 5. I 3 reflects the ultimate 

pattem following a series of reverse cyclic lateral deformations and not the pattern from a 

single unbalanced moment, Figure 5.14 shows the yield Line pattern used to predict the 

probable moment of resistance at interior and edge supports. 



a) Column S1-C1 

b) Column S1-C2 

Figure 5.13 - Crack Pattern for Columns S1-Cl and S1-C2 



Figure 5.14 - Yield Line Pattern for the Interior and Edge Columns 
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c, = width of the column fhce perpendicular to the x-direction 
mxc = moment resistance per unit length due to the upper layer of flexural reinforcement 

in the x-direction, placed within the confines of the column 
m: = moment resistance per unit length due to the lower layer of f l e d  reinforcement 

in the x-direction, placed within the confines of the column 
mxs = moment resistance per unit length due to the upper layer of flexural reinforcement 

in the x-direction, placed within a distance, c,, each side of the column 
m$ = moment resistance per unit length due to the lower layer of flexural reinforcement 

in the x-direction, placed within a distance, c,, each side of the column 
my= = moment resistance per unit length due to the upper layer of flexural reinforcement 

in the y-direction, placed within the confines of the column 
mk = moment resistance per unit length due to the lower layer of flexural reinforcement 

in the y-direction, placed within the confines of the column 
my$ = moment resistance per unit length due to the upper layer of flexural reinforcement 

in the y-direction, placed within a distance, cy, each side of the column 
m& = moment resistance per unit length due to the lower layer of flexural reinforcement 

in the y-direction, placed within a distance, cy, each side of the column 

As defined by subscripts and superscripts, the resistance per unit length, rn, varies with 

location (within the codnes of the column width, or not), direction of the orthogonal 

reinforcement (x or y-directions) and the direction of the lateral load (yielding of the 

upper or lower layers of flexural reinforcement). The two values for the probable 

flexural resistance at edge columns are a hct ion  of the direction of the unbalanced 

moment and the variations in reinforcement ratios in the top and bottom rebar mats. The 

resistance per unit width, rn, is given without subscripts by equation (5-6). Subscripted 

versions are given in Appendix D. The effects of compression steel were neglected. 

d = effective depth of the slab 
f,' = 28-day compressive cylinder strength 
f, = yield strength of the flexural reinforcement 
rn = flexural resistance of the slab per unit length 



u, = ratio of average stress in rectangular compression block to the specified concrete 
strength 

= 0.85- 0 . 0 0 1 5 ~  
p = flexural reinforcement ratio 
#, = resistance fhctor for concrete 
4, = resistance fhctor for steel 

To calculate the probable moments of resistance, the CPCA c'Concrete Design 

Handbook"(l995) recommends using #c = 1 -0 and = 1.25. 

The use of yield-he theory to determine the flexural capacity of a flat sIab is permitted 

by CSA A23.3-94. However, since yield-line theory is an upper-bound solution, the level 

of accuracy should not go unchecked. Verification of the capacity is possible during 

evaluation of the test data. 

Issue No. 5 - Verc@catr*on of the probable moment of resistance of the slab-column 

connectr*ons 

Once the probable moments have been calculated, the results can be used in conjunction 

with the specified gravity loads to determine the maximurn axial load at the support. 

Assuming that the interior probable moment can be distributed to adjacent spans in direct 

accordance with the reinfbrcement ratios of the top and bottom flexural reinforcement 

mats, the maximum axial loads, V,, at interior and edge connections, are given by 

equations (5-7a), (5-7b) and (5-7c). 



1 = length of span in the direction that moments are being determined, measured 
centre to centre of supports 

Vpr,edge,I = shear force at the first edge column due to the associated probable moment 
resistances and gravity loads 

Vpr,edge,z = shear force at the second edge column due to the associated probable 
moment resistances and gravity loads 

, = shear force at the interior column due to the associated probable moment 
resistances and gravity loads 

WD = specsed uniform dead load per unit length of span 
WL = specified uniform live load per unit length of span 
aint = coefficient used to distribute Mpht between adjacent spans 
nnWg = average reinforcement ratio at the interior connection due to the top layer of 

flexural reinforcement 
fiwegBX = reeinforcement ratio at the interior connection due to the top layer of flexural 

reinforcement in the x-direction 
fiweg,,, = reinforcement ratio at the interior connection due to the top layer of flexural 

reinforcement in the y-direction 
hw, = average reinforcement ratio at the interior connection due to the bottom layer 

of flexural reidorcement 
hwosJ = reinforcement ratio at the interior connection due to the bottom layer of 

flexural reinforcement in the x-direction 
nntpory = reinforcement ratio at the interior connection due to the bottom layer of 

flexural reinforcement in the y-direction 

The probable moment resistances per unit width for the interior and edge column are 

shown in the table in Figure 5.15. The table includes both the overall probable moment 

resistance and the associated axial forces. 



Probable unbalanced moments and shear forces used in 
the calculation of shear reinforcement in specimen $2; 

Figure 5.15 - Probable Moment Resistance and Axial Loads for Slab S2 

Once the probable loads were tabulated, they were used to calculate the shear 

reinforcement requirements at each support. To do so, results from slab S1 were blended 

with recommendations by Sherif (1 996) and then used to adjust existing code provisions 

of CSA A23.3-94. 

Column 
Location 
vk (kN) 
Mnc (kNam) 
N(fy (kN*m) 

Sherifproposed that the linear stress distribution resulting &om the interaction of axial 

and unbalanced loads (as defined by CSA A23.3-94) was too severe at the slab edge of 

edge connections. The distribution is illustrated in Figure 5.1 6. It is characterized by a 

uniform stress distribution along length BC of the critical section and peak stresses at 

points A and D. The code restricts the stress at either location (Clauses 13.4.4 and 

13.4.8), above which Wure is presumed to occur. 

S2-CI* 
A3 

103.3 

S242 
83 

136.9 

* - loads for columns S2-C1 and S2-C3 are interchangable. 

139.2 
0.0 

88.9 
0.0 

Sherif suggested that the peak stress at the outside edge of the connection is not a 

condition of f$ilure. Any attempt to exceed the allowable stress at the edge would result 

in a redistribution of stresses along the adjacent legs of the critical section (AB and CD). 

The non-linear (or uniform) stress distribution shown in Figure 5.17 was deemed more 

appropriate. For consistency, the d o r m  distribution should also be used at interior 

connections. The coefficient, f i ,  was preserved to assign the portion of unbalanced 

moment transferred by shear. 

S2-C3* 
C3 

46.1 - 
-57.6 
0.0 



Interior Slab-Column Connection; 
Critical Section Through Shear 
Reinforced Zone (or, Critical 
Section for Connection Without 
Shear Reinforcement). 

Exterior Slab-Column Connection; 
Critical Section Through Shear 
Reinforced Zone (or, Critical 
Section for Connection Without 
Shear Reinforcement). 

Interior Slab-Column Connection; 
Critical Section Outside Shear 
Reinforced Zone. 

Exterior Slab-Column Connection; 
Critical Section Outside Shear 
Reinforced Zone. 

Figure 5.16 - Linear Stress Distribution (CSA A23.3-94 Code Provisions) 



lnterior Slab-Column Connection; 
Critical Section Through Shear 
Reinforced Zone (or, Critical 
Section for Connection Without 
Shear Reinforcement). 

lnterior Slab-Column Connection; 
Critical Section Outside Shear 
Reinforced Zone. 

Exterior Slab-Column Connection; 
Critical Section Through Shear 
Reinforced Zone (or, Critical 
Section for Connection Without 
Shear Reinforcement). 

Exterior Slab-Column Connection; 
Critical Section Outside Shear 
Reinforced Zone. 

Figure 5.17 - Uniform Stress Distribution Proposed by Sherif (1996) 

The fbndarnental approach when dealing with a uniform distribution involves 

maintaining equilibrium. The location of the neutral axis will shift in an effort to balance 

the externally applied loads with the stress distribution around the critical section. The 

calculatioas are slightly more complex than those required for a linear stress distribution. 

Simply superposition of stresses is no longer permitted. The calculations generally 

involve the solution of a quadratic equation to determine the factored stress, vy, and the 

location of the neutral axis. As an example, the equations required to determine the 

uniform stress distribution within the shear-reinforced zone of an edge-column 



connection are given by equations (5-8) and (5-9). Equations for other scenarios (interior 

columns, critical sections outside the shear reinforced zone, etc.) are given in 

Appendix D. 

b = y,M, +Vpr (for Mprinthe same d i r e c t i o n w e )  (5-8c) 

b = Y.M, + vPr ( - yve + e, - h) (for M, in the opposite direction from Vpr e) (5-8d) 4 

a, = a [ k I  + vpr d )  (for 4, in t b  m e  direction as br e) 
vpr.uni/onn 

g = [ k  - vpr (for M, in t b  opposite direction fiom & e) (5-9b) 
Vpr,unfinn 

o = dimensional constant (dimension2) in a quadratic equation for v, (uniform stress 
distribution) 

b = flexural constant (force times dimension) in a quadratic equation for v, (uniform 
stress distribution 

b, = perimeter of the critical section for two-way shear 
br = width of the critical section for shear measured in the direction of the span for 

which the moments are determined 
h = width of the critical section for shear measured in the direction perpendicular to bl 
c = force constant (force2) in a quadratic equation for vpr (uniform stress Mbut ion)  
d = effective depth of the slab 



e = distance kern the centroid of the critical section for shear to the centroid of the 
column 

ez = distance fiom the centroid of the critical section (at an edge column) to the edge 
of the slab 

gz = distance used to define the location of the neutral axis for a uniform stress 
dktriiution 

Mp = probable unbalanced moment resistance 
vpr,,ifO,,,, = uniform shear stress due to Mw and Vpr 
V,, = shear force due to M,, and the applied gravity loads 
y, = hction of the unbalanced moment transferred by eccentricity of shear at the 

slab-column connection 

The code limitations expressed by equations (3-1 7) to (3-21) were adjusted to account for 

the degradation of the concrete during load reversals. The fundamental premise that the 

factored shear stresses, v,,,go,,,,, must not exceed the fhctored shear resistance, vry is 

unimpeachable. However, some concern exists as to the validity of the two-component 

expression for the resistance, given by equations (3-19). Might degradation of the 

concrete be sufEcient to invalidate its contrr'bution (vCr)? Residual strength test results on 

slab S1 show a reduction in the contribution of the concrete, but not an amddation of it. 

Since the extent of the flexural cracking outside the shear-reinforced zone was not that 

severe, equation (3- 1 8) was adopted. Inside the shear-reinforced zone, the equations 

were modiied slightly, based on recommendations by Dilger and Brown (1 994). 

Equations (3- 19) and (3-2 1) remained unchanged, but the contribution fiom the concrete, 

given by equation (3-20) was halved. 

Connections without shear reinforcement do not response to lateral loads in a ductile 

manner. With that in mind, provisions for unreinforced connections can be disregarded. 

Equations (3 - 1 7a), (3 - 1 7b), and (3- 1 7c) were abandoned. 

Within the shear-reinforced zone, the concrete component, vcr, is given by equation 

(5-10). Outside the shear-reinforced zone, or in the absence of shear reinforcement, v,, 

equals equation (5- 1 1). 



f,' = speczed 28-day compressive cylinder strength 
v,, = factored shear strength provided by the concrete 
+c = resistance hctor for concrete (0-6) 
h = fhctor to allow for low density concrete 

To test the upper Limits for v,, the provision for v,,,, given by equation (3-22), was 

ignored. Ghali (1999) suggests that the upper limit is conservative and may be increased 

to at least 1 .OA@&? . Furthermore, the general shear-friction model predicts an upper 

limit slightly in excess of 1 E. The prediction is illustrated in Figure 3.1 1. 

Since no information was available to the contrary, the limitations imposed by equations 

(3-23a), (3 -23 b), (3-23c) and (3-23d) were maintained. 

The switch fiom a linear stress distribution to a uniform one is not new. For instance 

both British standard, BS 81 10, and European CEB-FIP Model Code have used the 

concept of a uniform stress distribution to model the capacity of the connection for years. 

Nonetheless, any model must be verified by experimentation. 

Issue No. 6 - Calibrafi'o~ of the uniform stress distribution criteria 

Shear studs were again used as shear reinforcement. Placement of the studs in the critical 

shear zone of the interior and edge connections is shown in Figure 5.18. Since 

calculation of shear stresses invoked the use of the probable moment resistance (using 

yield-line theory and increased resistance fkctors, & and +,), and the contribution to the 

capacity from the concrete was significantly reduced, the concentration of shear studs in 

slab S2 was expectedly greater than that in slab S 1. 



Particular attention should be given to the fkct that several critical sections were used in 

an effort to reduce the number of studs. The critical sections are located at d/2 beyond: 

i) the face of the column 

ii) the last stud spaced at 0.5d 

iii) the last stud in the middle rail in each orthogonal direction 

iv) the end of the shear-reinforced zone 

The columns were over-designed to ensure failure within the slab. 



Column S2C2 

Figure 5.18 - Shear Reinforcement for Slab S2 



5.3 TESTING PROCEDURE 

5.3.1 Data Acquisition System 

This section begins with a review of the mechanical and eiectronic devices used to 

measure the response of the slab-column frame to the loading scenario. The devices 

included: 

i) electric strain gauges on the steel reinforcement, shear studs and concrete 

surface. The gauges used on the steel reinforcement and shear studs were 

manufactured by the Micro-Measurements Division of Measurements Group, 

Inc., and had a gauge length of 3.2 rnm. The concrete gauges were 

manufactured by Tokyo Sokki Kenkyujo Co., Ltd., and had a gauge length of 

30 mm. 

ii) W-bridged strain-gauge-based load cells used to monitor: 

a) the loads transferred fiom each ram. (In this case only, the load ceh  

were manufactured by MTS Systems Corp.), 

b) the axial load in the columns, 

c) the unbalanced moment created by coupled forces transferred through 

the column ends, and 

d) the internal bending moment due to rotational restraint created by the 

boundary frames along the "continuous" edge of the slab. 

With the exception of item a), the load cells used in the testing apparatus 

were constructed and calibrated at the University of Calgary. All load cells 

were calibrated using in-house standards. The in-house standards were last 

calibrated in December 1998, by Lebow Associates Inc. (A Siebe Group 

Company) under a calibration system conforming to ANSIMCSL 



2540- 1 - 1 994, and that the calibration system was within current calibration 

requirements and is traceable to the Nation Institute of Standards Technology 

UJSA). 

iii) full-bridged, strain-gauge-based displacement transducers (by MPE 

Transducers Ltd.), "string" potentiometers (by UniMeasure Inc.), mechanical 

dial gauges (by Compac Precision Measuring Instruments Ltd. and Mercer 

Ltd.) and simple metric scales (0 mm to 300 mm, attached to the boundary 

fiames), used to record the deflected shape of the slab-column &me. Each 

device had an maximum allowable range of displacement; transducers - 10 to 

100 mm, potentiometers - 250 to 500 mm, dial gauges - 10 to 50 mm; and, 

iv) Iow-powered hand-held microscopes (40x, by Hensoldt Systemtecbnik 

GmbH) used for measuring crack widths in the slab 

A data acquisition system was used to record all electronic data. The system consisted of 

the following components: 

i) two generic computers, each containing a 200 MHz 'Tentium" processor. 

The computers were synchronized with a counter and a timer, both activated 

by the data acquisition software, 

ii) data acquisition software (Labtech Notebook Pro, Version 10.03 by 

Laboratories Technologies Corp.), used to control sequential sampling of data. 

The software used a ''windows" based operating system (WinNT 4.0 by 

Microsoft Corp.), 

iii) data acquisition hardware (by Datascan), used to sequentially send and receive 

signals to and fiom the electrically powered instnunentation, and 

iv) signal conditioners, used to ampw and filter the signals returning from either 

the load cells or the displacement transducers. 



The location of strain gauges and displacement transducers are discussed in subsequent 

sections. 

53.2 System ControIbr 

The hydraulic r a m  used to load the specimens were simultaneously controlled by an 

automated digital controller, trade named the Testar Classic 11 (by MTS Systems Corp.). 

Automation of the controller was possible by pre-programming the loading sequence into 

the central processing unit. The seismic loading sequence was subdivided into three 

phases. Between each phase, the loading sequence was paused while the next phase was 

down loaded. During the testing procedure, a qualified technician, who could manually 

ovemde the process, monitored the system. 

5.3.3 Location of Strain Gauges and Displacement Transducers 

5.3.3.1 Location of Strain Gauges on Shear Studs 

Figures 5.19 and 5.20 show the locations of the strain gauges mounted on the shear studs 

at each slab-column connection. 

5.3.3.2 Location of Strain Gauges on Flexural Reinforcement 

Figures 5.21 and 5.22 show the locations of the strain gauges mounted on the flexural 

reinforcement at each slab-column connection. 
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Figure 5.19 - Location of Strain Gauges on the Shear Studs in Slab S1 
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Figure 5.20 - Location of Strain Gauges on the Shear Studs in Slab 52 



a) Top Reinbrcement 

b) Bottom Reinforcement 

Figure 5.21 - Location of Strain Gauges on the Flexural Reinforcement in Slab S1 



a) Top Reinforcement 

b) Bottom ReinforcMent 

Figure 5.22 - Location of Strain Gauges on the Flexural Reinforcement in Slab S2 

5.33.3 Location of Strain Gauges on Concrete 

Concrete strain gauges were used only for slab S1. During the test, the surficed mounted 

gauges often failed prematurely (as flexural cracks traversed the gauge). Consequently, 

the concrete gauges were abandoned in favour of a more concentrated array of flexural 

steel gauges. Figure 5.23 shows the location of the suface mounted concrete strain 

gauges. 
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Figure 5.23 - Location of Strain Gauges on the Concrete Surfaces of Slab S1 

5.3.3.4 Location of Displacement Transducers 

Figures 5.24 and 5.25 show the layouts of the orthogonal grid of mechanical dial gauges, 

electronic displacement transducers and simple scales, mounted beneath the surfaces of 

the slabs and along the lengths of the edge columns. Although an extensive database of 

slab and column deflections was collected, a significant amount of the data was not used 

in evaluating the performance of the specimens. Only that information that pertained 

directly to the punching capacity of the connection was used. The r e e g  data will be 

used for fiiture evaluations. 



Figure 5.24 - Location of Displacement Measurement Devices on Slab Sl 



Figure 5.25 - Location of Displacement Measurement Devices on Slab S2 

5.3.4 Testing Procedure 

Each test began with activation of the data acquisition system just prior to removal of the 

formwork. Fomwork removal took approximately four hours. In this state, only the 

self-weight of the slab and the superimposed dead load (1.22 kPa fiom the vertical load 

distribution system) were in effect. Once the formwork was removed and all electronic 

and manual readings taken, the data acquisition system was temporarily shut down. The 

slabs remained in this condition while an orthogonal array of electronic and mechanical 

deflection gauges were installed to the underside of the slab and along the length of the 

edge columns. 



Once the grid was installed, the seismic simulation began The seismic sequence started 

with reactivation of the data acquisition system Shortly thereafter, the two vertical 

actuators were used to apply a &om service load of 1 .OO kN/rn2 (expected occupancy 

load). The vertical loads remained in "load control" (i.e., the load was controlled, in this 

case at a constant value, while independent slab deflections were monitored). Next, the 

two horizontal actuators simultaneously subjected the column ends to a series of 

opposing and ever-increasing reverse-cyclic lateral displacements. (As the top ram 

pushed, the bottom ram pulled, and vice versa.) The horizontal rams remained in 

"displacement control" (i.e., the displacements were controlled, in this case at differing 

values and rates, while the resisting loads were monitored). The opposing bad 

configuration was used to simulate unbalanced moment at the connection. 

15 18 21 24 

Number of Cycles, N 

0 Pause in loading sequence 
fl End of Test - Slab S l  

Figure 5.26 - Loading Sequence for Slabs S l  and S2 



The lateral displacements were in 5 mrn increments up to *30 mm, and 10 mm 

increments thereafter. The slab-column fiame was cycled 3 times at each increment 

before proceeding to the next increment. The loading sequence is shown in Figure 5.26. 

The procedure was stopped when the displacements reached 70 mrn for slab S 1 and 

f 00 mm for slab S2. 

Since punching did not occur during the lateral load sequence of either test, the columns 

were repositioned at zero lateral displacement and gravity loads applied until the 

connection Wed in shear. Since stored energy often results in a violent Mure, the 

vertical loads during this portion of the test were displacement controlled. This portion 

of the testing procedure was termed the '"residual" phase. 

5.4 EXPERIMENTAL RESULTS 

Test results indicate that shear-stud-reinforced slab-column connections can form plastic 

hinges by maintaining the punching capacity of the slab well in excess of the flexural 

capacity at each location. Punching was prevented as each connection rotated well into 

the inelastic zone. 

In the first test, cycling was stopped at a lateral drift ratio, D, of 4.4 percent. In the 

second test, the lateral displacement was increased until a drift ratio of 6.4 percent was 

reached. At the end of each cyclic sequence, the lateral resistance provided by each 

fime was still a significant portion of the maximum lateral resistance, which surfaced 

earlier in the sequence. Specifically, the lateral capacity of specimens S 1 and S2 at the 

end of the seismic scenario was 91 and 82 percent, respectively, of their peak capacities. 

As expected, the structural integrity of the fiame was a fbnction of the level of 

degradation experienced by the sIab-column connection. In the absence of a shear 

failure, an increase in the number of cycles or an increase in the lateral drift lead to an 

increase in the levd of degradation. Nonetheless, at the end of the seismic load sequence, 

the structural integrity of each slab-column h e  was preserved to such a degree that the 



fiames could maintain a gravity-load between three and four times the dead load of the 

structure. This resistance (subsequent to any level of reverse-cyclic degradation) was 

termed the "residual" capacity. For each of the test specimens, the residual capacity was 

a signiscant portion of the "originat" capacity (before reverse-cyclic loading). For 

example, the original punching capacity can also be expressed in term of dead load. 

Using the provisions of CSA A23.3-94, the original punching capacity of the test 

specimens can be estimated to be between 4.5 and 5.5 times the dead load of the slab. 

5.4.1 Material Properties 

Figure 5.27 outlines the mechanical properties of the materials used in the fabrcation of 

the test specimens. 

a) Concrete Properties 
) Specimen 1 Structural I f , I I )  I ft" 3 
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S2 

Figure 5.27 - Mechanical Properties of Constituent Materials 

b) Steel Properties 
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Casting of the slab and the lower level coIumns took place d in one day. On the next 

day, once the slab concrete had hardened enough to allow erection of the COIUIM 

formwork, the upper level columns were cast. During each cast, concrete cylinders were 

prepared in accordance with industry guidelines. For seven days after casting, specimens 

remained in the formwork and cylinders remained in the molds. During this period, ali 

exposed concrete surfaces were cured with wet burlap. Saturated conditions were 

maintained by preventing evaporation with polyethylene sheets. After seven days, the 

formwork along the edge of the slab and around the columns was removed. At this time, 

the cylinders were demolded and placed in-situ with the slab. All scaffolding and 

formwork beneath the slab remained in place until testing was about to commence. 

The concrete strengths were determined by testing 102 rnm x 203 mm concrete cylinders. 

In an effort to monitor the compressive strength gain, at least four cylinders were failed 

every seven days (three slab cylinders and one column cylinder), up to and including the 

28-day strength. No additional cylinders were M e d  until the slab-column specimens 

were ready for testing. On that day, no less than six slab cylinders were tested; at least 

three in compression and a minimuin of two in tension. In all, 24 cylinders were tested 

for specimen S1 and 3 1 for specimen S2. Figure 28 shows the gain in slab strength with 

time for both specimens. 

Tension tests were conducted on the steel reinforcement for determining the modulus of 

elasticity as well as the yield and ultimate strengths. Three samples were tested for each 

bar and stud diameter. Averaged values are shown in the table in Figure 5.27. with the 

exception of the No. 10 bars, the samples were turned down to isolate the failure location. 

The flexural reinforcement showed a distinct yield plateau prior to strain hardening. The 

shear studs did not, requiring a 0.2 percent o e e t  to determine the yield strength. Stress- 

strain plots for each material can be found in Appendix E. 
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Figure 5.28 - Compressive Cylinder Strength for Slabs $1 and 52 

5.4.2 Discussion of Test Results for Slab S1 

5.4.2.1 Crack Patterns 

The photos in Figure 5.29 show the final top surface crack patterns at each of the 

columns. Both circumferential and radial cracks occurred upon release of the fonnwork 

and application of the remainder of the gravity load. Circderential cracks initially 

followed the perimeter of the column. Radial cracks often outlined the location of the 

individual bars in the top mat of flexural reinforcement (especially at the edge 

connections, over the uppa Iayer of bars that ran pardeI with the p h e  of the frame). 

As the lateral loads were applied, the ever increasing reverse-cyclic displacements caused 

extensive f l e d  and shear-torsion cracking at the slab-column comeciions. Torsion 



cracks were particularly evident at the edge columns. As radial cracks propagated from 

the columns, circumferential cracks, serrated in form, eventually traversed them. 

Crack widths would expand and contract with the change in direction of lateral load, but 

ultimately widened with each cycle. Width measurements were taken on cracks that 

breached a radial and circumferential grid at the onset of cycling. The widths were 

recorded at predetermined intervals in lateral displacement, up to and including 50 mm 

displacement (3.3 percent lateral drift). At 50 mm, the readings ranged fiom 0.00 mm to 

1.20 mm at the edge connections and 0.02 mm to 1 .OO mm at the interior connection. 

(The 0.00 mm widths were cracks that generally opened when the displacements were 

reversed.) 

Degradation of the concrete was more prominent at edge connections. It progressed with 

each cycle and eventually resulted in spalling of the cover at the exposed edge. Figure 

5.30 shows the extent of spalIing at columns Sl-C1 and S1-C3. 

The shear studs served to maintain the integrity of the slab-column connection and 

prevent a shear M u r e  during lateral loading. Once a laterd displacement of 70 mm was 

reached, the columns were realigned and vertical load was applied until punching 

occurred. Edge column S1-C3, with the 6 mm diameter shear studs, Wed fist. Failure 

occurred within the shear-reinforced zone. A post-mortem on the slab revealed an angle 

of inclination (fkorn the horizontal) between 25 degrees (at the slab edge) and 45 degrees 

(along a line parallel with the plane of the frame). Following Wure at S 1 -C3, the load in 

the adjacent bay was held steady. The load was increased in the opposite bay, until 

fkdure occurred outside the shear reinforced zone of the interior column, S 1 -C2. The 

angle of inclination varied between 30 and 50 degrees. (The steep angles were again 

parallel to the plane of the W e . )  Integrity steel, which passed continuously through the 

conhes of the column, prevented total collapse at each location. 



a) Column S1-C1 

b) Column S1-C2 

c) Column S1-C3 

Figure 5.29 - Top Surface Crack Patterns for S 



a) Column S1-C1 

b) Column SI -C3 

Figure 5.30 - Spalled Concrete at the Edge Connections 



5.4.2.2 Load-Deformation Relationships 

As mentioned previously, the test was terminated after the ends of the co1umns had been 

cycled to a displacement of 70 mm. This corresponds to a lateral drift ratio of 4.4 

percent. 

Hysteresis loops for the three columns are shown in Figure 5.3 1 a). The resistance of the 

interior connection to unbalanced load exceeds more than twice that at each edge column. 

This is expected considering the larger reinforcement ratios and slab continuity at the 

interior support. Each connection maintained significant resistance to lateral load well 

into the inelastic range. 

Figure 5.3 1 b) shows the hysteresis loop for the overall frame. The peak-unbalanced 

moment was 242 Warn in one direction and 245 kN-m in the other, both values occurring 

at a lateral drift of 3.2 percent. At a 4.4 percent drift ratio, the moments dropped to 

22 1 kN-m and 2 1 8 kN-m, respectively, which corresponds to load reductions of 9 1 and 89 

percent, respectively. 

Figure 5.32 shows the peak unbalanced moments, the unbalanced moments at the end of 

the test, and the corresponding drift ratios for each of the columns. Values are dependent 

on the direction of lateral displacement. The largest reduction in moment occurred at 

column S 1 -C3, which dropped to 66 percent of the peak capacity. The smaller 

concentration of shear reinforcement is likely responsible for the reduction in capacity. 
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Figure 5.31 - Unbalanced Moment Versus the Lateral Drift Ratio for Slab S1 



Figure 5.32 - Experimental Unbalanced Moments and Lateral Drift Ratios for 
SIab Sl  
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Figure 5.33 - Envelope of the Hysteresis Loops for Slab S1 
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representation, ps, = 2.95; where the subscript refers to the percentage of the peak lateral 

resistance remaining at the end of the test). The envelope reveals significant energy 

dissipation for rotational deformations within the non-linear range. 

Inspection of the hysteresis loops reveals a reduction in the stifkess of the connection 

with an increase in either the lateral drift ratio, D, or the number of load cycles, N. Since 

the two parameters were increased simultaneously, the independent effect on the 

degradation of the connection is difficult to merentiate, but not impossible. An 

equation for the reduction in peak-to-peak stifkess is presented in discussion of test 

results for slab 532. The peak-to-peak stfiess (MID) is simply the slope of the line 

connecting subsequent peaks in the hysteretic loops (where lateral loads reverse 

direction). The slope of line AB in Figure 5.33 is the peak-to-peak stfiess for the last 

cycle of slab S 1. 

V 

0 I 2 3 4 

Lateral Drift Ratio, D (%) 

-b-Column S1-C1 
+Column S1-C2- 
+- Column S1 -C3 

Figure 5.34 - Peak-to-Peak Stiffness Versus the Lateral Drift Ratio for Slab S1 
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A plot of stifhess versus lateral drift is shown in Figure 5.34. The stifkess is given as 

dM/dD, where dM is the change in unbalanced moment and AD is the change in lateral 

drift between successive positive and negative peaks. The plot shows the decline in 

stfiess. It also demonstrates that the stfiess of the entire fkme is merely the 

cumulative effect of the individual connections. If the lines are extrapolated, the trend of 

each line seems to be asymptotic with the abscissa. 

5.4.2.3 Shear Stresses During the Seismic Sequence and Residual Capacity Phase 

At each connection, the response to reverse-cyclic loading was characterized by Iarge 

flexural deformations well into the non-linear range. Punching did not occur. The table 

in Figure 5.35 shows the maximum unbalanced moment, M-, and corresponding gravity 

load, Keh, at each location. Using the CSA interaction equation, given in this document 

by equation (3-16a), the corresponding shear stresses, V s , i 3 , ~ ~ ~ ,  along critical sections 

inside and outside the shear-reinforced zones have been calculated, and are presented in 

column [3 1. Since each connection reached f l e d  capacity rather than fdhg in shear, 

the values of vseqcm correspond to the maximum stress achieved during testing and not 

the ultimate stress that might be expected. They are included to provide an impression of 

the level of shear stress achieved during the test. Although the data does not reflect the 

ultimate strength, it can still be used to evaluate the effects of reverse-cyclic deformations 

on the shear capacity of the connection. With that in mind, VseiS,cS,4 was compared with 

the nominal resistance, v,. Column 171 shows the nominal resistance calculated by 

equation (3-19), where equation (3-19) is given by adding equations (3-20) and (3-2 1) for 

critical sections within the shear-reidorced zone, and equation (3-1 8) for critical section 

outside the shear-reinforced zone (#c = 1.0 and #s = 1.0 for v,). Column [83 is the ratio of 

V ~ ~ , C S A  to vn. h i d e  the shear-reinforced zone, v ~ ~ ~ ~ , ~ ~ A / v ~  reached a maximum value of 

0.97. Outside the shear-reiaforced zone, the ratio reached 0.72. 



a) Maximum Moments, Corresponding Shears and Resultant Stresses Inside Shear-Reinforced Zone: 

b) Maximum Moments, Corresponding Shears and Resultant Stresses Outside Shear-Reinforced Zone: 

Note: v,, v,, and v, calcdated using material properties from tensile and compressive tests. 

Figure 5.35 - Loads and Resultant Stresses During the Reverse-Cyclic Loading Sequence 
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5.4.2.4 Residual Capacity 

Follo\ving the reverse-cyclic load sequence (N = 30 and D = 4.4%), the ends of the 

columns were returned to a position of zero lateral displacement. Vertical (or gravity) 

loads were then applied to initiate shear Mure. The edge column, S1 -C3 was the first to 

punch at a total gravity load of 81 6 kN. Punching occurred inside the shear-reinforced 

zone. Since total collapse was hindered by integrity steel (bottom reinforcing bars 

passing continuously through the column), loading was resumed until Mure occurred at 

the interior column, S 142.  At S I -C2, failure occurred outside the shear-reinforced zone. 

The total gravity load just prior to the initial failure was in excess of 4 times the seK- 

weight of the slab (4x1 8 1 kN = 724 kN). Using the provisions for punching outlined in 

CSA A23.3-94, the capacity of the e r n e  prior to reverse-cyclic Ioading can also be 

estimated in terms of the self-weight to equal 5.4 times the dead load. 

Hysteresis loops show evidence that each individual cycle causes degradation of the 

concrete and a reduction in flexural resistance. There is no reason to presume that a 

reduction in flexural strength is not accompanied by a relative reduction in shear strength. 

In other words, any means of estimating the loss in shear capacity that ignores the 

expected number of cycles, the extent of lateral drift, and the flexural capacity of the 

connections, might be considered too simplistic. 

The residual loads that correspond with each M u r e  are given in Figure 5.36. As before, 

the CSA interaction equations were used to tabulate the maximum residual shear stresses, 

V,,,CSA, along critical sections inside and outside the shear-reinforced zones. The stresses 

can be used to evaluate the effect of reverse-cyclic non-linear deformations on the shear 

capacity of the connection. One common method is to utilize the ratio between 

experimental results and code predictions. 



a) Maximrrn Shears, Corresponding Moments and Resultant Stresses Inside Shear-Reinforced Zone: 

b) Maximum Shears, Corresponding Moments and Resultant Stresses Outside Shear-Reinforced Zone: 

Note: v,, v,, and v, calculated using material properties from tensile and compressive tests, and not the design values. 

- LacaUon of failure during residual load test. 

Figure 5.36 - Loads and Resultant Stresses During the Residual Capacity Phase 



Within the shear-reinforced zone, the resistance to punching is provided by a concrete 

component, v,, and a steel component, vs. Intuitively, degradation of the connection 

cannot be expressed by a reduction in v, alone. Deterioration of the concrete will 

certainly affect the ability to anchor the shear studs. In an effort to estimate the reduction 

in strength, the relative loss associated with each component was presumed constant. 

Outside the shear-reinforced zone, a reduction in punching capacity is simply due to 

degradation of the concrete. 

Column [8] in Figure 5.36 shows the ratio between V,~~,C$A and v, for both M u r e  

locations. Inside the shear-reinforced zone (column S 1 -C3), where the extent of flexu~al 

cracking is more pronounced, v ~ ~ , ~ ~ A / v ~  equalled 0.55. Outside the shear-reinforced zone 

(column S 1 -C2), the ratio was significantly greater at 0.92. 

5.4.2.5 Strains in Shear Studs 

Typical hysteretic loops of the strains in the shear studs are shown in Figures 5.36 to 

5.39. The figures, which plot strain versus lateral drift during the seismic portion of the 

test, represent a small sample of the total studs monitored. The fbll range of plots can be 

found in Appendix E. 

Strain gauge numbers are given in Figure 5.19, which outlines the location of the gauged 

studs with respect to the individual connections and the orientation of the slab-column 

fiame. 

As one might expect, the figures show that the strain in the shear reinforcement varies 

with the llbllowing parameters: 

i) the location of the studs from the face of the column, although the stud nearest 

to the column does not always exhibit the greatest strain. Often, the strain in 

the second or third stud is greater. When this occurs, the proximity of the 



head of the first stud to the shear crack is thought to contriiute to a reduction 

in anchorage and overall capacity. 

ii) the lateral drift ratio. With the exception of deformations well within the non- 

linear range, an increase in the lateral drift ratio results in an increase in the 

level of unbalanced moment at the sIab-column connection. Since a portion 

of unbalanced moment is transferred by shear, an increase in lateral drift 

results in an increase in strain in the shear reinforcement. 

iii) the number of bad cycles. As the connection is exposed to reverse-cyclic 

deformations in the non-linear range, degradation of the concrete occurs. The 

degradation is expected to reduce the shear resistance provided by the 

concrete and in turn increase the load in the shear reinforcement, 

Location of S '  - Figures 5.37 to 5.40 illustrate the effect of location on the 

extent of strain in the shear reinforcement. For any given load scenario 

(combination of axial load and drift ratio), the strain in the stud decreases with an 

increase in the distance from the hce of the column. This is not surprising. A 

decrease in stress (or strain) is expected with a increase in the length of the critical 

section. 

Although the trend applies to both interior and edge connections, there are 

exceptions. Often, the studs closest to the periphery of the column will not exhibit 

the greatest strain. The largest value may occur in the second, third, or even fourth 

stud in the line. The effect can be seen in Figure 5.38, where the strain in the 

second stud fkom the face of the column (gauge no. 18) eventually exceeds the 

strain in the first (gauge no. 17). The explanation is simple. The lower values are 

due to lack of anchorage. Studs with the head near the Mure surface will not have 

sufficient anchorage to reach yield. The concept is illustrated in Figure 5.41. 
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Figure 5.38 - Shear Stud Strains for Column Sl-Cl (Stud Rail in y-Direction) 
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Figure 5.39 - Shear Stud Strains for Column Sl-C2 (Stud Rail in x-Direction) 
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Figure 5.41 - Approximate Failure Cones for Heads on Shear Studs 
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As the failure surface approaches the head of the stud, the anchorage capacity 

drops. At some point, the anchorage capacity f& below the yield capacity of the 

stud. As the anchorage h i t  is reached, additional load is transferred to the 

adjacent stud. Typically, the head of the adjacent stud exhibits better anchorage 

and the probability of reaching yield is increased. 

Although the concept seems reasonable, two questions arise. Why is the effect not 

evident for each and every line of studs? And, why is there no evidence of load 

transfer as pullout occurs? In all likeIihood, the effect is clouded by the presence of 

flexural reinforcement and the consequence of dowel action (across the Mure 

surface). For instance, placement of individual bars may or may not be directly 

adjacent to individual studs. For those bars that are positioned next to studs, the 

position of the bar with respect to the head may have varying degrees of influence 

on the resistance to pullout. That is, a bar in direct contact with the head will 

probably provide more anchorage when compared with the nearest bar in the 

orthogonal direction. The orthogonal bar may also be positioned directly adjacent 



to the stud, but as a consequence of layering (of the reinforcing mats), can be no 

closer than a fbll bar diameter fiom the head. 

In section 5.5 -3, a review of the s t d m  in the studs that traverse the Mure  plane 

show that the yield capacity is only reached in a portion of the studs, In response to 

this effect, a method of accounting for the effect of pullout is proposed. 

For any critical section, the concept of linear interaction between axial Ioad and 

un-ced moment, as expressed by the current edition of CSA A23.3, suggests 

that the proximity of the stud from the centroid of the critical section is an 

important parameter. To some degree, the experimental data confjrms the concept. 

Lateral Dtift R& - The hysteretic loops in Figures 5.37 through 5.40 also give 

testimony to the effect of lateral drift on the strain in the studs. Generally speaking, 

an increase in the lateral drift ratio results in an increase in the strain in the studs. 

This however, is not entirely true. The strain is also affected by the direction of the 

lateral drift. To enter into an evaluation of the concepts that & i t  the strains, the 

relative position of the studs with respect to the orientation of the slabcolumn 

h e  must be recognized. 

First consider a line parallel to the plane of the M e .  Depending upon the location 

of the connection within the portal framey an increase in lateral load may or may 

not result in a significant increase in the axial bad. For instance, the axial load in 

column S 142  showed no notable change with variations in lateral drift, whereas 

the axial Ioad in the edge columns fluctuated significantly. In terms of axial load, 

lateral drift may or may not increase the shear stress in the connection. However, if 

the flexural capacity of the connection has not been reached, an increase in lateral 

drift results in an increase in unbalanced moment. Since a portion of unbalanced 

moment is resisted by shear, any change in lateral drift should result in a change in 

stress, and of course a change in strain. More specificallyy if the curvature due to 

lateral dxlift (at the location of any given stud) complements the curvature due to the 



gravity loads, the stud will experience an increase in strain. Just like the design 

provisions suggested by CSA A23.3-94, the total stress is simply the stress due to 

unbalanced load superimposed upon the stress due to concentric loads. The effect 

is particularly evident in Figure 5.39, which reflects the strains in gauges 26 to 29. 

For any given cycle, the strain in the studs increases when the drift is in the 

negative direction. For the sign convention adopted in this program, a negative 

drift ratio corresponds to a negative unbalanced moment, which increases the 

curvature in the proximity of the studs and hence the strain. 

If the curvature due to lateral drift opposes the curvature due to gravity loads, the 

stud is expected to undergo a reduction in strain. As the drift ratio increases, the 

curvature will eventually reverse and any additional drift will again increase the 

level of strain. This effect is also well pronounced in Figure 5.39. For each stud in 

the figure, the portion of hysteretic loop corresponding to a positive lateral drift 

shows an initial reduction in strain, followed by an eventual increase when the 

strain due to lateral drift in the positive direction exceeds the strain due to 

concentric load. 

The strains recorded in Figure 5.39 suggest that the provision in CSA A23.3-94 

(given by equation (3-Ma)) is a valid means of combining the stresses due to 

concentric and unbalanced loads. The use of superposition is a suitable means of 

visualking the response of the studs to the effects of lateral drift. 

Consider the strains in the line of studs perpendicular to the plane of the slab- 

colwnn fiame, shown in Figure 5.40. Unbalanced moments in the plane of the 

Erne will have little effect on the curvature of the slab in the perpendicular 

direction One would then expect only mar@ variations in the strains in the 

studs. However, the plots in Figure 5.3 8 show significant fluctuations. To shed 

some light in this regard, the contour plots shown in Figures 5.42 to 5.45 were 

developed. 



Figure 5.42 plots the strains in the studs at column S 1-C2 associated with the 

maximum unbaIanced moment in the positive x-direction. Figure 5.43 shows tbose 

for the maximum moment in the negative x-direction. And finally, Figure 5.44 

outlines the rnmimum strains attained in the studs at any time during the entire 

reverse-cyclic seismic simulation. 

In each plot, symmetry and interpolation were used to approximate the strains in 

studs that were not gauged. Furthermore, the column size, the location of the studs 

with respect to the column, and the contours themselves are distorted. The 

distortion is a result of the software used to create the plots. The software was only 

capable of creating contours for a matrix of values. Each of the values in the matrix 

is only defined by its rank and file number. The software was not capable of 

assigning an x-y oordinate to the vaIues. Given these restrictions, the following 

format was utilized: 

i) The column is labelled in each plot. 

ii) All orthogonal gridlines that border or pass through the column represent a 

studrail (or "line" of studs) perpendicular to the fkce of the column. The 

gridlines used to dehe  the studrails are labelled for clarification. 

iii) The na gridline outside the confines of the column is used to identify the 

nfi stud fiom the face of the column. In an effort to M e r  clarify the 

location of the studs, gauge numbers for those studs equipped with strain 

gauges are shown over the corresponding node in the grid. 

Although implementation of an x-y coordinate system is preferable, the somewhat 

distorted contour plots are sscient  when descniing the magnitude of the strains 

in each direction- 

For brevity, only the results at column S1-C2 are shown in their entirety. Figure 

5.45, showing the maximum strains at column S1 -Cl (during the seismic sequence) 



has been provided for a comparison of the response between an interior and edge 

connection. (The remaining contours at S 1 -C I and S 1 -C3 are similar in nature and 

can be found in Appendix E.) 

The contours imply one significant trend. With the exception of the strains in 

Figure 5.44, the contours show that the studs in the perpendicular direction resist as 

much load (if not more) than those parallel to the plane of the erne. Furthermore, 

the larger strains in the perpendicular lines appears to extend further fiom the fhce 

of the column, where the curvature due to bending is reduced and the critical 

section increased. One possible reason may be that the prevalent resistance to shear 

fiom the slab in this direction may in fact stem fiom torsion, and that dissipation of 

the torsional stresses is hindered by the fact that the orthogonal nature of the stud 

rails and flexural resorcernent forms an effective torsional member. The concept 

has been addressed in the past, particularIy fiom researchers interested in beam 

strip models. Recall Section 2.2.2.1, which summarizes the model developed by 

Hawkins and Corley (1 97 1).  The authors suggest that each beam strip is capable of 

developing the ultimate shear capacity, flexural capacity and perhaps the most 

pertinent to this particular discussion, the torsional capacity, as descn'bed by the 

then current edition of ACI standard 3 18. Perhaps the approach should be revisited. 

Number of Load Cycles - The strains in the studs increase with each cycle, even 

when the lateral drift remains constant. Although the effect varies with location, 

the efbct is typically more pronounced at higher drift ratios. This suggests that 

cyclic degradation of the concrete causes a shIA in the resistance fiom the concrete 

to the shear reinforcement. The effect is well defined in Figures 5.38 and 5.39. 
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Figure 5.42 - Contour Plot of Stud Strains at S1-C2 Due to Maximum Positive 
Unbalanced Moment 
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Figure 5.43 - Contour Plot of Stud Strains at S1-C2 Due to Maximum Negative 
Unbalanced Moment 
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Figure 5.44 -Contour Plot of Maximum Stud Strains at S1-C2 During Reverse- 
Cyclic Loading 
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Figure 5.45 - Contour Plot of Maximum Stud Strains at S1-Cl During Revene- 
Cyclic Loading 



CSA code provisions locate the critical section at 6/2 fiom the face of the column and 

suggest that the contribution of the shear reinforcement to the shear resistance of the 

connection is given by equation (3-21). This implies that the truncated failure s d c e  

extends at 45 degrees fiom the hce of the column, Equation (3-21) also implies that the 

studs that intercept this surfhce will ultimately yield. Figure 5.46 shows the maximum 

stud strains for the only connection (S 1 -C3) that punched through the shear-reinforced 

zone during the residual portion of the test. In this case, not d the studs within the 

45-degree M u r e  surfbce reached yield. The trend implies that the anchorage of a portion 

of the studs across the Mure sudkce may be insuf3icient for 111 development of the 

yield strength. In response to this trend, a brief proposal for a means to include the 

effects of anchorage is presented in Section 5.5.3. 



@425 0 

0 2 8 9  0 

0351  @ 6mm Diameter Studs 

Legend (all values in pstrain): 

1234 - Strain in the stud 
rgf(1234) - Maximum strain in the stud 

prior to gauge failure which 
occured during the residual 
test 

cgq1234) - Maximum strain in the shrd 
prior to gauge failure which 
occured during the 
reverse-cyclic phase 

ng - Faulty gauge (no strains 
were recorded) 

Figure 5.46 - Maximum Stud Strains at Column S1-C3 During the Residual Test 

5.4.2.6 Strains in Flexural Reinforcement 

Figures 5.47 and 5.48 show the strain in the flexural reinforcement versus the lateral drift 

ratio during the reverse-cyclic phase for slab S 1. The plots show the hysteretic response 

for select strain gauge locations at colllmns S 1 -C1 and S I -C2. Since the response was 

not significantly different fiom that of column S 1 -C 1, column S 1 -C3 is not included. 

Plots of the strains at all the gauge locations, including those for S1-C3, are documented 

in Appendix E. 
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Figure 5.48 - Strains in the Flexural Reinforcement Versus the Lateral Drift Ratio at Column SIX2 During the Reverse- 
Cyclic Loading Phase (Gauge locations are shown in Figure 5.21) 



The response of an individual gauge may or may not conform to expectations: 

i) At low levels of lateral drift, the strain remains linear. As the drift increases, 

the response becomes non-linear. 

ii) Generafly speaking, an increase (or decrease) in strain is dependent on the 

direction of the unbalanced moment. If the unbalanced moment causes an 

increase in the curvature in the slab, the strain (whether tensile or 

compressive) will increase. However, there is an exception. The area of slab 

in the y-direction may provide torsional restraint (for moments in the p h e  of 

the frame). In this event, this restraint clouds the effects of curvature. 

i )  The level of strain varies with proximity to the face of the column. The 

strains decrease with the distance of the gauge *om the face of the co1urnn. 

The response of a string of gauges is even more ambiguous. Even when circumstances 

are almost identical (column Sl-C1 ; gauge no's 100 to 103 and column S 1 -C2; gauge 

no's 1 04 to 1 08), the hysteretic loops can vary significantly. However, this ambiguity is 

not necessarily problematic, since the hysteresis is not nearly as significant as the extent 

of yielding. 

To investigate the extent of yielding, the hysteretic loops were simplified by creating a 

type of envelope. The envelopes show the strains at the peak lateral drii for each cycle. 

Since the peak strains in one direction (positive drift or negative drift) will exceed the 

strains in the other, half of the values were abandoned. The envelopes for columns S 1 - 
C1 and S 1-C2 are shown in Figures 5.49 and 5.50. (The envelopes for column S1 -C3 can 

be found in Appendix E.) 
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Figure 5.49 - Strains in the Flexural Reinforcement Versus the Peak Lateral Drift Ratios at Column S1-C1 (Gauge locations 
are shown in Figure 5.21) 
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Generally speaking, bars in the x-direction reached yield, whereas those in the y-direction 

did not. As expected, the strains increased with proximity to the face of the column. 

Evaluation of the extent of yielding can be further simplified by marking the levels of 

stress on a plan view of the strain gauge locations. For the reverse-cyclic sequence, the 

peak stresses (at each gauge location) are shown in Figures 5.5 1 and 5.52. Again, the 

overall level of stress in a given layer of reinforcement (top or bottom mat) is dependent 

on the direction of lateral drift. The lower values in either the positive or negative 

direction were ignored. 

The figures indicate that the majority of the bars, or portions of the bars, located within a 

distance d fiom the face of the column, either reached yield or approached yield. The 

stresses in the x-direction were greater than the y-direction, and the stresses in the top mat 

were greater than the bottom 
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d 

Figure 5.51 - Peak Stresses in the Flexural Reinforcement (Top Mat) for Slab S1 
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Figure 5.52 - Peak Stresses in the Flexural Reinforcement (Bottom Mat) for Slab $1 

For interior connections, yield-line equation (5-5a) presumes that the flexural 

reinforcement in one half of the top mat and the opposite half of the bottom mat (both in 

the x-direction) will yield simultaneously. While independent of the direction of 

unbalanced load (positive or negative), the upper-bound solution implies total yielding in 

both the x and y-directions. For edge connections, equations (5-5 b) and (5-5c) suggest a 

dependence on the direction of load. That is, for a given direction of lateral drift, the 

flexural reinforcement in the top mat will eventually yield (in both the x and 

y-directions). For lateral drift in the other direction, the bottom mat will yield. In any 

event, utilization of the three yield-line equations demands absolute yielding about the 

perimeter of the column. Since unconditional yielding was not achieved, the yield-line 

provisions presented in Section 5.2.5.4 will in all likelihood require some form of 

amendment. Modification of the yield-line equations is presented in Section 5.5.2.2. 



5.4.3 Discussion of Test Results for Slab $2 

5.4.3.1 Crack Patterns 

The crack patterns, crack propagation, and extent of spalling matched the trends observed 

during the test on slab S 1. In an effort not to duplicate the discussion in Section 5.4.2.1, 

only those results that differed significantly will be addressed. 

Width measurements were taken on cracks that breached the same radial and 

circdrential  grid adopted for slab S1. At 70 mm displacement (4.7 percent lateral 

drift), the readings ranged from 0.00 rnm to 2.50 rnrn at the edge connections and 

0.00 mm to 2.70 mtn at the interior connection 

The shear studs once again enhanced the shear capacity to prevent a shear f$ilure during 

lateral loading. The lateral load sequence ended once a maximum displacement of 

1 00 mm was reached. The coIumns were realigned and vertical load was applied until 

punching occurred. Punching occurred outside the shear-reinforced zone of the interior 

connection at column S2-C2. At that point the test was terminated. Integrity steel, which 

passed continuously through the confines of the column, prevented total collapse at each 

location. 

Photographs, showing the top surface crack patterns and the extent of spalling, are 

included in Appendix E. 

5.4.3.2 Load-Deformation Relationships 

As mentioned previously, the test was terminated after the ends of the columns had been 

cycled to a displacement of 1 00 mm. This corresponds to a lateral drift ratio of 6.4 

percent. 

Hysteresis loops for the three colurnns are shown in Figure 5.53 a). Each connection 

maintained significant resistance to laterd load well into the inelastic range. 



-200 
-8 -6 -4 -2 0 2 4 6 8 

Lateral Drift Ratio, D (%) 

- Column S2-C1 
- -Column S2-C2 - 

- Cdumn S2-C3 
I I 

a) Columns S2-CI , S2-C2 and S2-C3 

-300 
8 43 -4 -2 0 2 4 6 8 

Lateral Drift Ratio, D (YO) 

b) Slab S2 

Figure 5.53 - Unbalanced Moment Versus the Lateral Drift Ratio for Slab 52 



Figure 5.53 b) shows the hysteresis loop for the overall fiame. The peak-unbalanced 

moment was 250 kN*m in one direction (at D = 4.4%)and 261 kN-m in the other (at 

D = 4.5%). At 6.4 percent lateral drift, the moments dropped to 206 kN*m and 

22 1 kN-m, respectively, which corresponds to load reductions of 82 and 85 percent, 

respectively. 

Figure 5.54 shows the peak u n e c e d  moments, the unbalanced moments at the end of 

the test, and the corresponding drift ratios for each of the columns. Values are dependent 

on the direction of lateral displacement. The largest reduction in moment occurred at 

column S2-C1, which dropped to 77 percent of the peak capacity. 

Figure 5.54 - Experimental Unbalanced Moments and Lateral Drift Ratios for 
Slab 52 
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Figure 5.55 shows the envelope of the hysteresis loops for the entire £kame. Depending 

on the definition of the yield point location, ductility ratios at the end of the test vary 

&om 2.13 (Moehle) to 4.57 (equivalent energy). The envelope reveals si@cant energy 

dissipation when rotational deformations are in the non-linear range. 
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Figure 5.55 - Envelope of the Hysteresis Loops for Slab S2 
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Figure 5.56 - Peak-to-Peak Stiffness Versus the Number of Cycles for Slab S1 
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Figure 5.57 - Peak-to-Peak Stiffness Versus Madj for Slabs S1 andS2 

In the review of slab S 1, the reduction in stfiess of the comection was described in 

general tern.  Development of a mathematical model was postponed until the data from 

slab S2 could be incorporated in the process. The peak-to-peak stfiess appears to 

decrease with an increase in the lateral drift ratio, D, and the number of non-hear 

reverse-cyclic deformations, N. Recall Figure 5.34, a plot of MID versus D. Although 

not readily apparent fiom the figure, "best fit" trend lines for the experimental values are 

exponential functions. Figure 5.56 is a plot of MID versus N. The similarity is not 

unexpected since the correlation between the two in the loading sequence is almost 

proportional. Nonetheless, the assumption of exponential relationships is a suitable 

starting point for developing a relationship between the MID and N. Figure 5.57 shows 

that the stifl6ness is directly proportional to an "adjusted" version, Ma4, of the probable 

moment of resistance, M,. The relationship was observed when MID was plotted against 

Mp for a range of D (0.3% to 4.4%). At first there did not appear to be any direct 



correlation. Not until the number of column hces connected to the slab were used to 

reduce averaged values of M, did any connection emerge. The adjusted versions are 

given by equations (5- 1 2) and (5- 1 3). 

- MLJr.int 
Ma+,int - - (for interior connections) 4 

1 - - J44.s - (Mp**efle ) (fir edge connections) 
3 

Ma4,inr = adjusted value of MPrvht used in the calculation of MID 
Ma#,edgc = adjusted value of Mpr,edp used in the calculation of MID 
Mpr,int = probable unbalanced moment resistance at an interior connection 
MP,edge,, = probable unbalanced moment resistance at an edge connection due to 

yielding of the upper layer of flexural reinforcement 
MmedgepP0s = probable unbalanced moment resistance at an edge connection due to 

yielding of the lower layer of flexural reinforcement 

It's probable that other parameters influence the stifFness of the connection. However, D, 

N, and Ma4 were the only parameters to exhibit enough variance in the testing procedure 

for use in the derivation and evaluation of a mathematical replica. A numerical 

optimization program was used to derive calibration coefficients for the relationship, 

which is given by equation (5- 14). 

D = lateral drift: ratio 
e = the base of natural logarithms 
W D  = peak-to-peak stmess of hysteresis loops 
N = number of lateral load cycles 

The bracketed summation term implies that the stfiess of the entire fiame is merely the 

summation of the individual contribution fiom each connection. Figure 5.58 shows a plot 

of the peak-to-peak sti5essy as calculated by equation (5-14), versus the experimental 

results. Both the individual connections and the overall frames are shown. The 

coefficient of variation for the fdl frames, based on a mean of 1.00, is 4.9 percent. 
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Figure 5.58 - Predicted Versus Experimental Values of the Peak-to-Peak Stiffness 
for Slabs S1 and S2 

t 

Slab S1 
- 

0 Slab S2 

rr 
0 

0 
0 

5.4.3.3 Shear Stresses During the Seismic Sequence and Residual Capacity Phase 

Once again, the failure mode at each connection was characterized by large flexural 
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deformations prior to punching. The table in Figure 5.35 also describes the load 

interaction for slab S2. It shows the maximum unbalanced moment, Mseis, the 
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corresponding gravity load, K,,,, the maximum shear stresses, V s e i s , ~ ~ A ,  (inside and outside 

the shear-reinforced zones as tabulated by equation (3- 16a)), and the ratios of v ~ ~ ~ ~ , ~ ~ A  to 

v,. Inside the shear-reinforced zone, V S ~ ~ ~ , ~ ~ A / V H  reached a maximum value of 0.58. 

Outside the shear-reinforced m e ,  the ratio reached 0.72. 
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5.4.3.4 Residual Capacity 

Following the reverse-cyclic load sequence (N = 38 and D = 6.7%), gravity loads were 

applied to initiate shear Mure,  once again to evaluate the residual capacity of the frame. 

The interior column, S2-C2 was the first to punch. Punching occurred inside the shear- 

reinforced zone. Total collapse was prevented by integrity steel. The total gravity load 

just prior to Mure reached a value of 542 kN, or 3 times the self-weight of the slab 

(3x1 8 1 kN = 543 kN). Using the guidelines for punching in CSA A23.3-94, the capacity 

of the frame prior to reverse-cyclic loading can also be is estimated in terms of the 

seK-weight of the slab. Prior to degradation the capacity equals 4.7 times the dead load. 

The residual loads that correspond with the failure are given in Figure 5.36. Equation 

(3- 1 6a) was used to tabulate the maximum residual shear stress, vreS,cs~, along the critical 

section. The stress can once again be used to evaluate the effect o f  reverse-cyclic non- 

linear deformations on the shear capacity of the connections. 

Column 183 in Figure 5.36 shows the ratios between vres,cs~ and v,,. For the critical 

section at dl2 fiom the h e  of column S2-C2, vres,cs~/v,, equalled 0.28. The ratio is about 

one half of that observed for the connection at d/2 $om the face of the column S1 -C3. 

5.4.3.5 Strains in Shear Studs 

Typical hysteretic loops of the strains in the shear studs are shown in Figures 5.59 to 

5.62. The figures, which show strain versus lateral drift during the seismic portion of the 

test, are a representative sample of the total studs monitored. The fU range of plots can 

be found in Appendix E. The location of the monitored studs with the gauge numbers are 

given in Figure 5.20. 

No different than the resdts for slab S 1, the figures show that the strain in the shear 

reinforcement varies with the location of the studs, the extent of lateral drift, and the 

number of cycles. The trends associated with these parameters were examined at length 

in Section 5.4.2.5. 



Contour plots of the strains in the studs, similar to the plots shown in Section 5.4.2.5, are 

given in Appendix E. Once again, the contours show that the studs in the y-direction 

resist as much load (if not more) than those in the x-direction. Furthermore, the larger 

strains in the y-direction are not always adjacent to the face of the column, which again 

supports the premise that a significant portion of shear resistance about the y-axis stems 

fiom torsional restraint. 
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Figure 5.59 - Shear Stud Strains for Column SZ-C1 (Stud Rail in y-Direction) 
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Figure 5.60 - Shear Stud Strains for Column SZ-C1 (Stud Rail in x-Direction) 
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Figure 5.61 - Shear Stud Strains for Column S2-C2 (Stud Rail in x-Direction) 
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Figure 5.62 - Shear Stud Strains for Column S2-C2 (Stud Rail in y-Direction) 



Figure 5.63 shows the maximum stud strains for the only connection (S2-C2) that 

punched through the shear-reinforced zone during the residual portion of the test. In this 

case, only two of the monitored studs reached yield. Once again, the trend implies that 

the anchorage of a portion of the studs across the mure s u r h e  may ?x insufEicient for 

full development of the yield strength. The trend was more pronounced at column S2-C2 

than it was at S 1 -C3 (previously discussed in Section 5.4.2.5). The lower strains at 

S2-C2 are not surprising. The Iarger diameter studs at S2-C2 require additional 

anchorage length, while the concrete strength had not increased proportionately, and the 

slab depth remained constant. As mentioned earlier, a brief proposal for a means to 

include the effects of anchorage is presented in Section 5 5 3 .  

0 
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Studs 0 

Legend (all values in @train): 

1234 - Strain in the stud 
cgf(1234) - Maximum strain in the stud 

prior to gauge failure which 
occured during the 
revetse-cydic phase 

Figure 5.63 - Maximum Stud Strains at Column S2-C2 During the Residual Test 



Deterioration of the concrete due to large lateral drift certainly would have played a 

contributing role. Although a means of estimating the effect of concrete degradation on 

the punching capacity of the connection is presented in Section 5.5.1, the guidelines have 

not been evaluated in conjunction with the proposal for the effects of anchorage in 

Section 5.5.3. 

5.4.3.6 Strains in Flexural Reinforcement 

Because the hysteretic loops of the rebar strain versus lateral drift ratio for slab S2 do not 

provide any information beyond that obtained fiom the plots for slab S 1, they are not 

included in this section. They are however, included in Appendix E. 

The envelopes of strain versus peak lateral drift ratio for co1umns S2-CI and S2-C2 are 

shown in Figures 5.64 and 5.65, respectively. The envelope for column S2-C3 can be 

found in Appendix E. Since the peak strains in one direction (positive drift or negative 

drift) will exceed the strains in the other, half of the values once again were abandoned. 

Generally speakiag, the flexural reinforcement in slab S2 responded much the same as it 

did in slab Sl . The bars in the x-direction experienced greater strain than in the 

y-direction. The strains increased with proximity to the fhce of the column. The most 

significant difference was the overall extent of yielding. More bars reached yield in slab 

S2 than in slab S1. This was attributed to the fbct that slab 52 was exposed to greater 

lateral deformations and that the additional shear reinforcement delayed the deterioration 

of the connection. 
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c) Column S2-CI - Strain In the Flex. Reinf. (Bottom Mat) 
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d) Column SZC1 - Strain in the Flex. Reinf. (Bottom Mat) 
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Figure 5.64 - Strains in the Flexural Reinforcement Versus the Peak Lateral Drift Ratios at Column S2-C1 



a) Colunm S2-C2 - Strain in the Flex. Reinf. (Top Mat) 
Versus the Lateral Drift Ratio (in the Negative Direction) 
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c) Column S2-C2 - Strain in the Flex. Reinf. (Bottom Mat) 
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b) Column S2-C2 - Strain in the Flex. Reinf. (Top Mat) 
Versw the Lateral OriR Ratio (in the Negative Direction) 

2500 
h 

g 2000 
3. 
Y 

LO 

b '"O a g roo0 
r - 
g Ooo l 

0 
0.00 2.00 4.00 6.00 8.00 

Lateral Drift Ratio, D (%) 

d) Column S2-C2 - Strain In the Flex. Reinf. (Bottom Mat) 
Versus the Lateral Drift Ratio (in the Positbe Direction) 

2500 - 
2000 

3 
W 

g 15w a 
jj 1000 
E - 
-6 so0 
z5 

I 
0 ' 
0.00 2.00 4.00 6.00 8.00 

Lateral Drift Ratio, D (%) 

Figure 5.65 - Strains in the Flexural Reinforcement Versus the Peak Lateral Drift Ratios at Column S2-C2 



The extent of yielding is fbrther exemplified in Figures 5.66 and 5.67, which show the 

peak leveis of stress at the strain gauge locations, for the entire seismic sequence. 
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Legend: ? - f = afy 0- f = fy 3 - gauge failure 

Figure 5.66 - Peak Stresses in the Flexural Reinforcement (Top Mat) for Slab S2 
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Figure 5.67 - Peak Stresses in the E'lexural Reinforcement (Bottom Mat) for Slab S2 



Again, the overall level of stress in a given layer of reinforcement (top or bottom mat) is 

dependent on the direction of lateral drift. The lower values (in either the positive or 

negative direction) were disregarded. 

Not unlike the results for slab S1, the majority of the bars, or portions of bars, located 

within a distance d fiom the fhce of the column, either reached yield or approached yield. 

However, even after exposing the connection to even greater drift ratios, generalized 

yielding was not achieved abu t  the connectiolls in slab S2. In that regard, the yield-line 

provisions presented in Section 5.2.5.4 wiU stiU require some form of amendment. 

Modification of the yield-line equations is presented in Section 5.5.2.2. 

5.5 EVALUATION OF DESIGN PROCEDURES 

Based on the tests results a comprehensive evaluation the two design procedures is 

possible. The data suggests that properly detailed slab-column fiames can be used in any 

structure where the lateral-load-resisting system is provided by alternate means. There is 

also strong evidence that the system is capable of providing the lateral resistance for 

seismic conditions, if the storey height is limited. 

In the description of the design procedures, six issues were defined. These issues fsll into 

one of three categories: 

i) undefined portion of the design procedure, 

ii) assumed design value requiring verification, 

iii) design provision or methodology in need of caliiration. 

SufXcient test data was extracted fiom the two testing procedures to satisfactorily address 

four of the issues. The remaining two are discussed and presented in terms of future 

research. 



5.5.1 Evaluation of the Design Procedure for Slab-Cotumn Frames Not Intended 

to Provide the Primary Resistance to Lateral Loads 

In Section 5.2.4, a procedure was proposed for the design of slab-column M e s ,  not 

intended to serve as the primary lateral-load-resisting system. To validate the proposal, 

various aspects of the procedure required investigation. The main objective of the 

investigation was to predict the unbalanced moment due to seismic loads in an effort to 

predict the shear-reidorcement requirements. 

As a slabcolumn M e  not designed to resist lateral loads, satisfactory performance 

required that slab S1 resist the expected gravity loads and deform laterally for at least 2 

percent inter-storey drift. Experimental evidence shows that the b e  easily met the 

criteria. However, satisfactory performance fidfib only a portion of the expectation. An 

in-depth understanding of the response is also required. 

Refer to the table in Figure 5.68. Values of the axial loads, associated bending moments, 

and the corresponding shear stresses (according to CSA A23.3-94) are tabulated for both 

the design loads and the experimental results. Colwnn [3] lists the maximum shear 

stresses calculated fiom factored loads. Column 191 lists the stresses developed during 

the seismic portion of the testing procedure. In each case, the experimental results 

exceed the design values. The difference is as much as twofold. The larger experimental 

values stem fiom a significant difference in Ioad configuration. That is, slab S1 was 

designed for gravity loads, which was typified by relatively small unbalanced moments. 

On the other hand, the seismic sequence created greater moments, which considerably 

increased the shear stresses. 



a) Design, Probable and Experimental Loads with Resultant Stresses Inside Shear Reinforced Zone: 

b) Design, Probable and Experimental Loads with Resultant Stresses Outside Shear Reinforced Zone: 

- maximum stress at the outside edge of the slab at the edge column. 

Note: the values of M d  and V d  in this table were averaged from values given in Figure 5.34. 

I) SI-C1: M d  = (63.6 * 58.3 )12 = 61.0 kN.m 
li) S1-C2: M d  = ( 151.0 + 153.4 )I2 = 152.2 kN-m 
iii) S1-C3: Md = ( 38.3 + 40.1 )I2 8 39.2 kN.m 
lv) S1-C1: V* = ( 97.6 + 92.1 )I2 = 94.9 kNm 
v) S1-C2: V* = ( 168.0 + 179.8 )I2 = 173.9 kN.m 
vi) S1-C3: Vh * (47.4 + 47.3 )I2 = 47.3 kN-m 

Design gravity loads (service): 
DL = 3.53 kPa 
LL = 4.80 kPa 

Experimental gravity loads (service): 
DL = 3.53 kPa 
SDL = 1.22 kPa 
LL = 1.00 kPa 

Figure 5.68 - Load Interaction Data and Resultant Stresses During the Reverse-Cyclic Loading Sequence 



Although the experimental stresses were greater than the design values, the absence of a 

shear failure during the lateral load sequence is not as enigmatic at it might first appear. 

Evidently, the resistance was greater than predicted. The increase in strength is attributed 

to more than one device: 

i) None of the shear stresses exceeded the nominal resistance (as opposed to the 

factored resistance). The nominal resistance, v,, is given in column [12]. 

ii) The actual material properties ( f,' and f,) exceeded the specified design 

values. The actual values of fCr and f, were used in the calculation of v.. 

iii) The hear stress distribution in CSA A23.3-94 is particularly sensitive to 

unbalanced moments at edge connections. The interaction equation creates a 

peak stress at the exposed edge of the slab, which is not necessarily an 

accurate representation of the Mure condition for shear-reinforced 

connections. That is, ifthe applied bmess exceeds the nominal resistance, the 

excess stress can in all likelihood be redistributed along the adjacent leg of the 

critical section. 

Although the surplus in strength is advantageous, the designer cannot rely on the excess 

capacity. For instance, performance factors must still be applied to v,,. Nor can designs 

assume that material properties will exceed specified values. However, the code model, 

which incorporates a linear stress distribution, can easily be recalibrated to adopt a non- 

linear distribution. The non-linear distribution may or may not be limited to that portion 

of the critical section adjacent to the slab edge. This approach is reviewed in the next 

section (on slab S2), in an effort to incorporate the data fiom both slabs. 

In Figure 5.68, the maximum experimental shear stresses were calcdated from the largest 

unbalanced moments recorded during the lateral load sequence. Yet these moments are 

not representative of the moments expected during a seismic event, because code 

compliance restricts the inter-storey drift ratio to 2 percent. At this drift ratio, the 



moments are typically smaller, and often quite significantly smaller. Of course, the 

s d e r  moments result in lower stresses. These stresses are shown in Figure 5.69, for 

drift ratios of 1.5 and 2 percent. For comparison, nominal resistances have been replaced 

with fktored values. In each instance, the resultant stress shown in columns [63 or [9] is 

less than the resistance shown in column [12], and more so for the lower drift ratio. It 

appears that shear-reinforced connections of slab-column fiames, not designed to resist 

inertial forces, and limited to lateral drift ratios of no more than 2 percent, will not violate 

the restrictions imposed by A23.3-94. However, there is a level of uncertainty associated 

with this claim, since a means of estimating the unbalanced moments at the 2 percent 

drifl ratio has yet to be developed. If the moments at 2 percent drift can be predicted, the 

level of uncertainty will be all but eliminated. 

The envelopes of the hysteretic loops for specimen S I are shown in Figure 5.70. The 

envelopes of the hysteretic loops for specimen S2 are shown in Appendix E. The lines in 

the figure delineate both experimental results and mathematical approximations. The 

mathematical relationships are empirical in nature, are based on the results of both tests, 

and are given by equations (5- 15), (5- 16a) and (5- l6b). The open markers show the 

experimental results, while the solid markers describe the equations. 

A numerical optimization program was used to derive the calibration coefficients for the 

equations. Using the ratio of MXis/MD to evaluate the equations, and stipulating a mean 

of 1.00, the coefficient of variation was calculated at 34 percent. While a standard 

deviation of this magnitude can be improved upon, it suggests that the general 

configuration of the model is on track. 



a) Design and Experimental Loads at 1.5% and 2% Lateral Drift with Resultant Stresses Inside Shear Reinforced Zone: 

b) Design and Experimental Loads at 1.5% and 2% Lateral Drift with Resultant Stresses Outside Shear Reinforced Zone: 

-maximum sttess at the outdde edge of the dab at the edge column. 

Experimental gravity loads ( d o e ) :  
DL = 3.53 kPa 
SDL = 1.22 kPa 
U = 1.00 kPa 

Figure 5.69 - Load Interaction Data and Resultant Stresses During the Reverse-Cyclic Loading Sequence 
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Figure 5.70 - Plot of Predicted and Experimental Hysteretic Envelopes for Slab S1 

The lateral drift ratio at which the probable unbalanced moment is reached is expressed 

by equation (5- 1 9 ,  where D, is given in percent and Mp is given in kN-m 

Once Dpr is determined, the unbalanced moment at any given drift ratio, MD, is given by 

equations (5- 16a) and (5- 16b). For D no greater than D,,: 



The term Mstar is the unbalanced moment, due to gravity loads, that is expected at each 

connection prior to seismic loading. 

For D greater than D,,: 

D = lateral drift ratio 
D,, = lateral drift ratio at M, 
MD = unbalanced moment resistance for any given value of D 
M, = probable unbalanced moment resistance 
Mslat = unbalanced moment due to gravity loads 

During the course of the design, Mm is derived fiom an elastic analysis using gravity 

loads only. Once the flexural reinforcement has been selected, the probable unbalanced 

moments can be calculated using equations (5-5a), (5-5b), or (5-5c). The lateral drift 

ratio is generally stipulated by a jurisdictional design code, but may be selected fiom a 

variety of references concerned with seismic design. Equations (5- 16a) and (5- 16b) are 

used to determine the unbalanced moment at any drift ratio, and the moment can then be 

used to determine the shear reXorcement requirements according to CSA provisions. 

In spite of large lateral non-linear deformations that exposed each connection to the 

h u m  possible unbalanced moment and concurrently subjected the connection to 

substantial concrete degradation, the slabs did not fail in shear. Although the response 

was encouraging, the absence of brittle Wure did lirnit the data that might forecast a loss 

in shear strength. The table in Figure 5.71 shows the available data. It consists of the 

maximum values of v/vm from both slabs and both loading scenarios (the cyclic sequence, 

v ~ , ~ ~ A / v ~ ~  and the residual test, V ~ ~ , ~ ~ A / V , , ) .  It includes the parameters D and N, believed 

to have the greatest effect on the reduction in strength. From hereon, the ratio, v/vn, will 

be considered the reduction in shear strength and replaced by the shear strength reduction 



hctor, kr, The charts in Figure 5.72 plot the reduction fhctor, k,, versus the drift ratio, D, 

for criticd sections inside and outside the shear reinforced zone. 

Figure 5.71 - Experimental Shear Strength Reduction Factors 

Figure 5.72 a) shows a reduction in shear strength after a drift ratio of about 3 percent had 

been reached. Keep in mind that the drift ratio increased almost proportionately with the 

number of cycles and that a similar trend is observed ifk, is graphed against N. It is 

possible that a reduction in strength may occur at a lower drift ratio, ifthe number of 

cycles is increased. In an attempt to establish an expression for the reduction of the shear 

resistance due to D and N, a curve fitting procedure was used to develop equation (5- 17). 

This equation describes k, in terms of the maximum lateral drift ratio, D,,, that the 

connection is to endure during N cycles. Although equation (5- 17) appears to be an 

accurate representation of the experimental results, it is the end product of only four data 

points; two of which represent the maximum stress achieved during testing and not the 

actual M u r e  stress. Furthermore, it is applicable to a speczc range of conditions unique 

to this investigation and thereby should be thought of as an preliminary step in relating 

the loss in strength to design parameters. 
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Figure 5.72 - Plots of Predicted and Experimentai Shear Strength Reduction 
Factors for Slabs Sl and S2 



Figure 5.72 b) shows a gradual reduction up to a lateral drift of 4 percent, followed by a 

sharp increase in capacity shortly thereafter. This reflects an inaccuracy that surfaced 

since two of the points represent the cyclic loading sequence, which did not produce a 

brittle fdure. In this case, the results fkom the cyclic sequence should be ignored. The 

results fiom the Wure outside the shear reinforced zone at column S LC2 suggest that k, 

can be conservatively taken as 0.9. 

- 

kr = [l + (% + &--I ' (inside the shear-reinforced zone) 

Dm, = maximum lateral drift ratio during N cycles 
k, = shear strength reduction factor 
N = number of lateral load cycles 

k, = 0.9 (outside the shear-reinforced zone) (5- 18) 

It is not presumptuous to suggest that the extent of degradation due to reverse-cyclic, 

non-linear deformations is a fbnction of the lateral drift ratio and the number of cycles 

that the connection has endured. In terms of this experimental program, the limited 

number of failures and varied locations of each did limit the available data used in the 

development of equations (5-2 7) and (5-1 8). Additional work in this area is required. 

5.5.2 Evaluation of Design Procedure for Slab-Column Frames Intended to 

Provide the Primary Resistance to Lateral Loads 

The procedure proposed for the design of slab $2, and thereby the entire prototype 

structure, utilized several design assumptions: 

i) For a slab-colunm fiarne designed and detailed to provide the primary lateral 

resistance to ground tremors, a load reduction factor of 3.0 is representative of 

the non-linear behaviout. 



ii) The use of shear studs, as defined by the new design procedure, will not only 

enhance the punching capacity, but will also serve to improve the integrity of 

the connection and reduce reverse-cyclic degradation to an acceptable level. 

iii) The probable moment of resistance is accurately expressed by equations 

(5-Sa), (5-5b) and (5-52). 

iv) A uniform stress distribution is a more suitable alternative for modelling the 

shear stress at edge connections. 

An evaluation of the validity of these assumptions forms the basis of this section. 

5.5.2.1 Force Reduction Factor 

Refer again to Figure 5.55, which shows the hysteretic envelope for the entire frame. 

Depending on which definition of ductility is adopted, ductility ratios at the end of the 

test vary fiom 2.1 3 to 4.57. As discussed in Chapter 1, the force reduction factor is 

primarily a fhction of the ductility ratio and the fundamental fiequency of the structural 

system. For fbndamenta1 periods of vibration in excess of 0.5 seconds (the velocity and 

displacement sensitive spectral regions), the force modification fiictor, R, is generally 

taken as the ductility ratio, which exceeds the value of 3.00 assumed in the proposed 

design procedure. 

5.5.2.2 Probable Moment of Resistance 

The table in Figure 5.73 compares the maximum unbalanced moment developed during 

the lateral load sequence with the predicted values given by equations (5-5a), (5-5b) and 

(5-5c). In each and every case the predicted values, M ,  exceed the experimental results, 

Msel,. The explanation is simple. The probable resistance is based on yield-line theory, 

an upper bound theorem that presumes non-linear behaviour throughout the entire 

yield-line pattern In the presence of reverse-cyclic deformation, it is unlikely that fbU- 

fledged yielding will occur prior to degradation of the connection. It is also unlikely that 



the yield-line patterns (used in the development of the yield-line equations) exactly 

reflect the true configuration; an inaccurate representation will render a solution 

somewhat greater than the actual value. Nonetheless, it is preferable to err on the safe 

side. The probable moment of resistance is used to detail the shear reinforcement, which 

if greater than necessary? will only serve to ensure ductile behaviour and preserve the 

integrity of the connection. A nominal increase in the cost of shear reinforcement is a 

cost effective means of enhancing the response to seismic loads. 

Average of M&JMpr 
Standard Deviation of MAfl 
Coefficient of Variation of M&fl, 

Specimen 

S1 

52 

Figure 5.73 - Predicted and Experimental Probable Moments of Resistance 

For the two specimens, the ratio of MMS/MPf averaged out at 0.845 with a coefficient of 

variation of 14.4 percent. Edge connections exhibited the greatest deviation fiom the 

mean. 

Location 

S1-Cl 
$1-C2 
S1-C3 
S2-C1 
S2-C2 
S2-C3 

5.5.2.3 Uniform Stress Distribution 

Recall Figure 5.35, which lists the maximum unbalanced moments that occurred during 

the reverse-cyclic testing sequence, Mseis, and the associated shears, Keis. For each load 

pair, the maximum shear stress, vseis,~s~,  is tabulated. In addition, the table includes the 

maximum stress for a uniform stress distribution, vxis,Wtiform (given in part by equations 

(5-8) and (5-9)). 

Probable and Experimental Unbalanced Moments 
Positive xdirection Negative xdi  rection 
M, (kN-m) 

(1 I 
76.3 
1 59.7 
40.5 
84.7 
161.7 
72.8 

MdJVlp, 
161 

0.990 
0.961 
0.834 
0.610 
0.871 
0.901 

Md, (kN-m) 
(21 

58.3 
151.0 
38.3 
71.9 
133.9 
46.6 

M, (kN.m) 
[41 

40.5 
159.7 
76.3 

M,$M,, 
(31 

0.764 
0.946 
0.946 
0.849 
0.828 
0.640 

Mas (kN-m) 
151 

40. I 
153.4 
63.6 

71.8 
161.7 
84.7 

43.8 
140.9 
76.3 



Again, as a consequence of the ductile Mure, vseis.uni/om corresponds to the largest stress 

produced during testing and not the ultimate value that might be expected. The tabulated 

values, shown in column [9], provide an idea of the level of stress achieved during the 

lateral load sequence. Inside the shear-reinforced zone, vseCUnili,rm/vn reached a maximum 

value of 0.64. Outside the shear-reinforced zone, the ratio reached 0.52. 

As expected, the ratio of v ~ ~ ~ , ~ ~ ~ ~ ~ / v ~  is less than v,iscsAlv,, particularly when the value of 

V s & , ~ s ~  is governed by a peak stress at the edge of the slab. Column [I 01 shows the ratio 

of v ~ , ~ ~ ~ ~ ~ / v ~ ~ ~ , ~ ~ ~ .  When the VSeis,cs~ occurs at the slab edge, the ratio varies radically 

fiom 0.23 to 0.84. In all other cases, it ranges between 0.72 and 0.79. 

Figure 5.36 shows the rnaxhnum values of vreS,cs~ and VreStun~Onn for the residual testing 

procedure. The comparative trends are similar to those found in the reverse-cyclic 

sequence. For the punching fidures, varied fiom 0.93 to 0.99. This is 

not surprising, especially for the interior connection failures where the unbalanced 

moments, and hence the contributions to shear stress, were relatively small. 

The development of an equation for a strength reduction factor (as a function of drift ratio 

and number of load cycles) is hindered by the lack of cdiration of the uniform stress 

model. Equations (5- 1 7) and (5- 1 8) were derived following a comparison of 

experimental stresses ( v ~ ~ ~ , ~ ~ A )  with code provisions (v,,). The comparison was possible 

since both values were based on a linear stress distribution, and the code provisions were 

developed fiom years of experimental and analytical research. Although the European 

design community has adopted a similar type of uniform shear stress distribution, and 

calibrated the resistance of the connection accordingly, a model based on the type of 

uniform stress distribution proposed in Section 5.2.5.4 does not exist. In the absence of 

such a model, derivation of a reduction coefficient is severely handicapped. In other 

words, before a strength reduction factor can be derived as a function of cyclic 

parameters, the strength must be determined for non-cyclic parameters. 



The use of a uniform stress distrt'bution for the design of slab S2 was premature. No 

evaluation of the procedure had been conducted prior to its utilization. Although other 

design codes have adopted the concept, and it is arguably an effective means of 

addressing the suggestion that a linear distribution often predicts excessive shear stresses 

at edge connections, the method requires calibration based on additional test data. 

5.5.3 Evaluation of Shear Stud Strains 

Sections 5.4.2.5 and 5.4.3.5 revealed that a sigdicant portion of the shear reinforcement 

within a distance d of the face of the co1umn Wed to reach yield. It was proposed that 

ineffective anchorage was the cause. In that regard, this section is devoted to the 

derivation of a simple model that considers the anchorage capacity of the reinforcement. 

Consider the 45-degree Mure surfaces shown in Figure 5.41. Lines of shear studs, 

starting at a distance so fkom the face of the column and equally spaced a distance s apart, 

traverse the Mure  surfkce. The number of studs, n, (with equal cover above and below 

the heads) that intercepts the Mure  surface can be given by equation (5- 1 9). 

where integer (x) is the integer of x, and 

h = thickness of the slab 
h, = height of the studs 
n = number of rows of studs crossing the failure surface 
s = spacing between rows of studs 
so = distance between the fist row of studs and the face of the column 

At each stud, the distance between the head of the stud and the failure surface is used to 

describe the depth of an equivalent pullout cone in the concrete. The concept of an 

equivalent pullout cone was applied to the shear-fiction model (proposed in Chapter 3) 

with a reasonable degree of success. For odd and even numbers of studs, the average 



depth of the pullout cone is given by equations (5-20) and (5-21), respectively. In 

equation (5-20), LCh,, is based on the anchorage of the bottom end of the middle stud. 

I,namg = average depth of the pullout cones for studs crossing a 45-degree failure 
surface 

Prior to finalizing a particular design, the number of studs is unknown. That being the 

case, it is not unreasonable to average equations (5-20) and (5-21), rather that alternating 

between the two. 

Once the average anchorage length is determined, it can be used to calculate the 

resistance of the studs to pullout. For individual headed anchors, the Canadian Portland 

Cement Association (CPCA) Concrete Design Handbook (1 995) recommends equation 

(5-23). 

- area of the base of the concrete M u r e  cone for a headed stud in tension Aproj - 
Tanch = nominal tensile force resisted by a headed stud due to concrete fhdure in pullout 

The projected area of a 45-degree pullout cone, Aproj, is given by equation (5-24). 

dh = diameter of the head of the shear stud 



Typically, shear studs are manufactured such that the projected bearing surface of the 

head is nine times greater than the diameter of the shaft. For any shaft diameter, the 

diameter of the head is given by equation (5-25). 

d, = diameter of the shaft of the shear stud 

Finally¶ an equivalent tensile stress,&, can be calculated by equation (5-26), and simply 

substituted forf, in equation (3-2 1). 

A, = area of the shaft of a stud 
f, = equivalent tensile stress due to anchorage of the stud 

Equations (5- 19) and equations (5-22) to (5-26) can be combined to determine either the 

total shear force in the shear reinforcement or the effective stress in the studs. To test the 

validity of the concept, the procedure was compared with the test data for cohunn S2-C2. 

Column S2-C2 was used since it was the only location that not only Wed through the 

shear-resorced zone, but also, by virtue of an interior connection, did so with no 

significant unbalanced load. (The presence of unbalanced loads would only cloud the 

issue.) 

Figure 5.74 shows the straiDs in the gauged studs just prior to punching (during the 

residual portion of the test). Both symmetry and interpolation were used to fill gaps in 

the data. The strains for the first two rows of studs (i.e., within a distance equal to the 

effective depth, d, from the face of the column) to were averaged to obtain 980 @rain. 

This strain corresponds to an effective stress in the studs equal to 186 MPa The value 

compares favourably with 155 MPa, which was calculated in accordance with the method 

outlined above. 



Although there is a reasonable correlation between the experimental and theoretical 

values, prudence demands utilization of an extensive database for verification or 

calibration of the model. In this case, the concept was merely introduced to illustrate the 

premise that incomplete anchorage might well explain failure to reach yield in the studs. 

In fact, the concept does not even consider yielding, let alone differentiate between that 

and pullout. Nor is the level of concrete degradation considered. The results simply 

suggest that the notion of anchorage as a viable limitation on the strength of the studs is 

probable. 

9.53mm &') Diameter Studs 
(3 

Figure 5.74 - Maximum Strains Prior to Punching at S2-C2 During the Residual 
Testing Phase 



5.6 CONCLUSIONS - EXPERIMENTAL PROGRAM. 

Seismic events characteristically impose severe lateral reverse-cyclic loads upon 

structures. These loads create significant unbalanced bending moments at the slab- 

column connections of a flat slab structure. The unbalanced moment s not only result in 

extreme flexural cracking at the connection, but also significantly increase the shear 

stresses in the slab. The reverse-cyclic action tends to cause degradation of the concrete 

and thereby reduces the contribution fiom the concrete to the resistance to punching. 

However, properly reinforced connections, utilizing shear studs tend to maintaiu a 

substantial level of integrity in the concrete. This integrity, in conjunction with the 

resistance fiom the studs themselves can prevent punching, allow the structure to form a 

plastic hinge at the connections, and thereby dissipate some of the energy imposed upon 

the structure. 

Slab S 1 was designed to simply resist gravity loads. The slab-column connections were 

reinforced with shear studs in expectation that the reinforcement would enhance the 

behaviour of the connection if exposed to non-linear lateral deformations. The response 

of slab S 1 has shown that a flat-slab system, suitably reinforced with shear studs, and not 

serving as the primary lateral load resisting component of the overall structure, can easily 

respond to the deformations associated with a si@cant seismic event. The response of 

slab S 1 lead to the development of a design procedure for the design of a sIab-column 

system not intended to serve as the primary lateral-load-resisting system. The procedure 

was created with an aim to h i t  the level of computational effort and only requires the 

use of a hand-held calculator. The response is contingent on the use of shear studs. 



The response of slab S 1 also encouraged a proposal for the design of a flat slab-column 

system expected to provide the primary lateral resistance to earth tremors. The design 

procedure incorporated: 

i) accepted philosophies for the design of ductile moment resisting frames (the 

limited use of isolated flexural hinges to dissipate seismic energy, and 

prevention of brittle Mwes by suitable detailing), 

ii) a documented procedure for determining the flexural capacities of the slab- 

column connections (yield h e  theory), 

iii) an alternative means of predicting the punching capacity of slab-column 

connections (dorm stress distribution). 

Slab S2 was designed in accordance with the suggested procedure. The response of slab 

S2 showed that a slab-column system, with connections suitably reinforced with shear 

studs, can provide the necessary lateral resistance and load dissipation characteristics to 

enable the slab-column fiame itself to serve as the primary seismic load resisting 

structure, for buildings of limited height. The experimental investigation lead to several 

key findings, but did not ve* the design procedure in its entkety. The key &dings 

included: 

i) a suitable value for the seismic load reduction factor, R, for flat-slab systems 

(R = 31, 

ii) a means of estimating the stfiess of the connection, on a per cycle basis, as 

the connection deforms fiom the linear to the non-linear range, 

iii) a series of equations to predict the probable unbalanced moment of resistance 

of the connection, 



iv) verification that shear studs serve to not only enhance the shear capacity of the 

connection, but preserve the integrity of the connection during ineIast ic 

flexural deformations. 

The most significant aspect of the design procedure that was not corroborated was the 

substitution of the stress distri'bution profile. The uniform stress distribution was not 

confirmed to be a more effective alternative to the existing CSA A23.3-94 provisions. 

As a sideline, lack of anchorage was presented as an explanation of the inability to 

achieve yield in studs crossing the fbdure surface. A possible approach was suggested. 

The procedure, however, was only evaluated at a very cursory level. 

Currently, North American design codes discourage the use of flat slab systems in high 

seismic zones. It is now suggested that flat slab structures be Wher reintroduced to 

active earthquake regions. 



CHAPTER 6 

6 CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE: RESEARCH 

6.1 INTRODUCTION 

The intent of this research was to verify that the use of properly detailed shear 

reinforcement will maintain the integrity of slabcolumn connections during non-linear 

load reversals, and thereby dissipate the energy imposed on the overall system during an 

earthquake. AiErmation was achieved by testing two W-scale, two-span-continuous, 

s l a b - c o l ~  fkames. The results of the tests were used to formulate a procedure for the 

design of flat-slab systems in seismic regions. In fiict, two procedures were proposed. 

The first procedure involved slab-column fiames that were not required to provide the 

primary resistance to lateral loads. Since the primary resistance to lateral loads is 

traditionally provided by a separate system, this procedure is more relevant to the user 

than is the second. Based on the success of slab S1 to maintain significant lateral 

resistance in the presence of large reverse-cyclic deformations, a second procedure was 

proposed for the design of flat-slabs, which will serve as  the primary lateral-load- 

resisting system The proposal, which requires further evaluation, is restricted to 

structures of limited dimensions. The experimental portion of the program, and the 

design proposals that developed from the investigation, are discussed in Chapter 5. 

In order to test the M-scale continuous slab-column M e s ,  an existing testing apparatus 

required modification. A description of the modifications and the performance of the 

apparatus were described in Chapter 4. 

During the course of the research, a group of collaborators (Kriski, W., (1996); Loov, R.E. 

(1998); Peng, L., (1999); Tozser, O., (1999)) developed a model used to predict the shear 

capacity of concrete be=. The model uses the principle of shear friction as the Mure  



criterion. Due to the success of the beam model., it was hoped that a slab-column version 

would provide some insight into the response of the connection to shear forces. A 

database was created to evaluate the slab-column version. The work formed the basii of 

what was termed the theoretical portion of the program, discussed in Chapter 3. 

This chapter delineates the conclusions reached in both the experimental and theoretical 

portions of the program. These conclusions, and any recommendations for fbture 

research, are presented in a chapter-by-chapter format. 

6.2 CONCLUSIONS 

6.2.1 Chapter 3 - Theoretical Program (Shear-Friction Models) 

The shear-fiction approach is a viable means of determining the punching capacity of 

concentrically loaded slab-column connections. In its general form, the model requires 

significant computational effort. However, a simplified version, requiring no more than a 

hand calculator, was developed for ease of application in the design office. Both 

variations were compared against a modified version of provisions defined in CSA 

standard A23.3-94. The extent of the modifications to the code provisions was minimal 

and only involved a minor recalibration of relevant equations. The general format of the 

code provisions remained the same. Each of the models utilized yield-line expressions to 

determine the flexural capacity of the connection and thereby evaluate the mode of 

fkilure. 

The difference in the ability of each model to evaluate the capacity of the co~ection 

(either shear or flexure) was indistinguishable. The level of accuracy was expressed by a 

comparison of the mean values and coefficients of variation for the ratios of experimental 

to theoretical capacities. For the database used in the evaluation: 

the general shear-firictiodyield-line method gave a mean value of 1.027 (for the 

ratio of &st/VPredSfaen) with a coeficient of variation of 13.8 percent. 



the simplified shear-f?iction/yield-line method gave a mean value of 1.024 (for the 

ratio of VpredpfJimPIe) with a coefficient of variation of 1 3.7 percent. 

the recalibrated CSA A23.3-94 code requirements, in conjunction with the 

appropriate yield-line equations, gave a mean value of 1.009 (for the ratio of 

~eSI/vpredJj;C~~) with a coefficient of variation of 14.8 percent. 

However, the shear-fi.iction/yield-line models were more accurate in predicting the mode 

of M u r e .  

The shear-fiction model can be considered a significant step towards the metamorphosis 

from empirical code provisions to a mechanical representation of the response of slab- 

column connections. The advancements include the following: 

i) a description of the location of a variable shear fdure s h c e ,  as opposed to 

the use of a fixed critical section. The Mure s h c e ,  starting at either the 

h e  of the column or the perimeter of the shear-reinforced zone, is described 

by the angle, B, in the general method, and the distance, x, in the simplified 

version. The introduction of a failure angle provides the user with a more in- 

depth understanding of the mechanics of the failure than does the use of a 

"critical section". 

ii) consideration of the effects of anchorage of the shear studs. The general 

method includes provisions for the anchorage of shear studs by comparing the 

pullout capacity of the headed end with the yield capacity of the shaft. The 

simplified version abandons the yield strength altogether and assumes that 

anchorage of the head will govern the contribution fkom the studs. The 

current CSA code provisions do not consider anchorage at all. 

iii) consideration of the effects of flexural reinforcement. An increase in the 

extent of flexural reinforcement that crosses the shear-Mure surface is 

expected to enhance the punching capacity of the connection by increasing the 



normal force between adjacent fiices of the Mure sdace. In the general 

version, two conditions are evaluated. The yield strength of the reinforcement 

is compared with the stress that maximizes (or optimizes) the punching 

capacity of the connection, The smaller of the two values is used to predict 

the final capacity. In the simplified version, the normal force is approximated 

by utilizing only the optimum value. In comparison, the provisbns in CSA 

,423.3-94 do not recognize flexural reinforcement as a parameter relevant to 

the punching capacity of flat slabs. 

The means by which the shear-fiiction models address the use of shear reinforcement 

provides the user with a sense of continuity that is lacking in the code provisions. It 

eliminates the need to spec* mhhum or maximum stud spacing requirements as 

required by CSA A23.3-94 (Clauses 13.4.4, 13.4.8.2, and 13.4.8.6). 

Yield-line theory was used to evaluate the flexural capacity of the connection. Direct 

comparison with the punching capacity (whether determined by either shear-iXction 

method or CSA A23.3-94 code provisions) provided the mode of Wure. To obtain the 

best correlation with experimental data, a calibration coefficient = 0.85) was 

introduced. The value reflects the extent of yielding in ductile connections. It suggests 

that generalized yieIding, as expressed by an upper bound solution such as yield-line 

theory, does not occur prior to punching. 

6.2.2 Chapter 4 - Modification of the Testing Apparatus 

A testing apparatus, originally designed to subject a 1 %-span continuous slab-column 

f ime to gravity load, was modified to accommodate a 2-span specimen. Further 

modiiications allowed the user to superimpose reverse-cyclic lateral displacements to the 

ends of the columns. The system was capable of exerting a quasi-static version of the 

type of loads and deformations imposed upon a slab-co1umn £&me during a seismic 

event. After rectifjhg one or two minor problems (due to rotational limitations with the 



spherical seat assembly at the base of the third column and falling debris), the apparatus 

performed well. 

6.2.3 Chapter 5 - Experimental Program 

In the experimental portion of the research program, two procedures for the design of flat 

slab systems in seismic regions were investigated. The first procedure applied to systems 

not intended to serve as the primary lateral-load-resisting structure. The second 

procedure applied to systems that were. As expected fiom any experimental program, the 

results either Ied to corroboration or modification of the procedures. For non-lateral- 

load-resisting fiames, a new procedure was developed. For lateral-load-resisting fiames, 

the original proposition requires fbrther investigation. Although a signi£icant portion of 

the second proposal was substantiated, additional work is required to validate the entire 

procedure. 

The conclusions reached fiom the experimental prograii are segregated into three 

sections. The first two sections contain those hdings that apply to either of the design 

proposals. The third section contains those findings that do not. 

6.2.3.1 Primary Lateral-Load-Resisting System Provided by Alternate Means 

The proposal for the design of a flat-slab system, where the slabculumn f imes  are not 

intended to provide the primary lateral resistance, was presented in Section 5.2.4. At that 

time, two "issues" were tabled. These issues required consideration before the proposal 

could be validated. They are reiterated below. 

Issue No. I - Development of a means io estimate the unbalanced ntolttent as a 

furrction of lateral dr@ 

Issue No. 2 - Evaluapiott of the uilowabie shear rshtance following qosure  

sekmic deformatioas Speci~wdly, corteialkgon of the shear resistance with the lateral 

drift ratio and the number of cycles in the non-linear range 



NBCC limits the allowable drift ratio between 1.5 and 2 percent. At drift ratios of this 

magnitude, the flexural resistance of shear-reinforced connections, white no longer 

elastic, has not necessarily reached its plastic limit. However, an estimate of the 

unbalanced moment is required to ensure that the shear stresses that develop can be 

calculated. Equations (5-1 5), (5-1 6a) and (5-1 6b) were developed in response to this 

issue. The equations estimate the unbalanced moment at any lateral drift ratio. 

The shear stresses are limited by the strength of the concrete. However, degradation of 

the concrete occurs each time the connection undergoes flexural deformation in the non- 

hear  range. This degradation causes a reduction in shear strength. The presence of 

shear studs reduces the level of degradation, but does not eliminate it. Even ifthe 

unbalanced moment is known and is incorporated into the design process, the resultant 

shear stresses must not exceed the resistance at the given level of deterioration. 

Equations (5-1 7) and (5- 18) were developed in response to this issue. The equations 

estimate the reduction in strength according to the number of cycles and the maximum 

drift ratio that the connection is expected to sustain. 

6.2.3.2 Primary Lateral-Load-Resisting System Provided by Flat-Slab System 

The proposal for the design of a flat-slab system, where the slabcolumn fiames provide 

the primary lateral resistance, was presented in Section 5.2.5. At that time, four "issues" 

were tabled. These issues required consideration before the proposal could be validated. 

They are reiterated below. 

Issue No. 3 - Determination of load reduction factor, R, for sia6-column frames. 

Issue No. 4 - Development of guihlines to prevent degradation of the concrete at slab 
column connections during reveme-cyclic deformations in the nodinear range. 

Issue No. 5 - Ver~@zatwn of the probable moment of resistance of the slabcolumn 

connectw~t~. 

Issue No. 6 - Calibration of the unvonn stress dhtribution criteria 



Each of the four issues was addressed in Chapter 5. However, Issues 4 and 6 require 

further investigation before any direction can be given in terms of design. Due to 

insufficient data, the uniform stress distribution equations could not be calibrated. Since 

the equations were not cali'brated, there was no starting point for the development of any 

strength reduction equations. 

Depending on the definition of ductility that is adopted, ductility ratios for slab 52 vary 

from 2.13 to 4.57. Analysis of non-linear single-degree-of-freedom systems has shown 

the force reduction factor to be a function of the ductility ratio and the natural frequency 

of the system. For fbndarnental periods of vibration in excess of 0.5 seconds (T, for the 

prototype structure was estimated to be greater than 1.0 seconds), the force modification 

fkctor, R, is numerically equal to the ductility ratio. Therefore, the value of 3.0, assumed 

in the design proposal, was justified. 

At all of the connections, the predicted values of the probable unbalanced moment, M,,, 

given by equations (5-5a), (5-5b) and (5-5c), were not reached during the experiments. 

The equations were derived £?om yield-line theory, which presumes totaI yielding 

throughout the yield-line pattern. In the absence of reverse-cyclic deformation, 

generalized yielding is unlikely. When non-linear deformations promote degradation of 

the connection, generalized yielding is even less likely. However, since the probable 

moments are used to enhance the shear strength of the connection and thereby to promote 

ductile behaviour, it is preferable to err on the safe side. For the six connections, the 

mean of M,,blM,, was 0.84, with a coefficient of variation of 14 percent. The greatest 

deviation fiom the mean occurred at edge comections. 

6.2.3.3 Conclusions Not Directly Related to Design Proposals 

A comparison of the hysteretic profile for each fiarne suggests that an increase in the 

concentration of shear reinforcement will promote the integrity of the comection. As the 

spacing of the studs is reduced, or the number of rails increased, the level of vertical 



confinement is enhanced, which seems to inhibit degradation of the concrete. The 

benefits are multiple: 

i) The punching capacity is preserved to an acceptable level. At the end of the 

reverse-cyclic sequence (N = 30 and Dm, = 4.4%), the residual capacity of 

shb S 1 was such that the connections could maintain 4.5 times the dead load 

of the slab, which corresponds to 83 percent of the original. capacity. For slab 

S2, for which the load scenario was more severe (N= 38 and D,, = 6.7%), 

the residual capacity was less at 3 times the dead load, or 63 percent of the 

original capacity. 

ii) The level of ductility is extended. 

iii) The resistance to lateral load is maintained. The reduction in capacity with 

each incremental increase in lateral drift was not as pronounced for slab S2 as 

it was for S 1, especially at the edge connections. 

When evaluating the contriiution to the punchiug capacity fiom the shear studs, the 

anchorage of the heads plays an important role. As the head of a stud approaches the 

failure surface, Iack of anchorage of the head often prevents the shaft of the stud fkom 

reaching its yield strength. The effect is more pronounced as deformations within the 

non-linear range promote degradation of the concrete. A procedure for estimating the 

contribution of the reinforcement, based entirely on the anchorage of the studs was 

presented. 

In direct contradiction to the trend implied by a linear stress distribution, contour plots of 

strains in the studs show that studs in line with the axis of the unbalanced moment 

contribute as much resistance to the load as do those parallel to the plane of the frame. 

Furthermore, large strains in these rails extend Mher  fiom the face of the column. This 

tendency suggests that resistance to shear in this direction may in fact stem fiorn torsion, 

and that dissipation of the torsional stresses is hindered by the fact that the orthogonal 



nature of the stud rails and flexural reinforcement form effective torsional members on 

each side of the columns. 

Equation (5- 14) was developed as a means of describing the stifbess of the connection. 

The equation reflects a reduction in stiflkess with an increase in lateral drift ratio and the 

number of cycles. The stifhess is proportional to an ccadjusted" version of the probable 

moment resistance. While other parameters may influence the stifihess of the 

connection, D, N, and M, were the only ones to exhibit enough variance for use in the 

development of a mathematical expression. 

6.3 RECOMlWENDATICDNS FOR FU'MJRE RESEARCH 

6.3.1 Chapter 3 - The Shear-Friction Model 

Models evolve as additional parameters, previously omitted in any mathematical 

expressions, are taken into consideration. In both versions of the shear-fiiction model, 

certain parameters were not included. They can be categorized into two groups: 

i) parameters thought to be inconsequential, except in the most extreme 

circumstances, and 

ii) parameters that would complicate the first phase development of a new model. 

Due primarily to information presented in related publications, the foUowing parameters 

were thought to have a minimal effect on the capacity of the connection and were 

excluded in the mathematical expressions for either of the shear Ection models: 

i) the anchorage of the flexural reinforcement 

ii) the shape of the column (round versus square or rectangular) 



iii) thepresenceofhighstrengthconcrete(f,'greaterthanSOMPa) 

iv) the effects of slab depth on the strength of the concrete 

The parameters that were intentionally avoided in an effort to simpli@ the development 

of the initial phase of the model include the following: 

i) the effects of eccentric loads, due to either unbalanced moments transferred to 

(or fkom) the columns or eccentricities inherent at edge and corner 

connections 

ii) the effects of prestressing 

Each of these variables should be investigated in the fbture. First priority should be given 

to eccentric loads, since concentric loads are the exception rather than the rule. 

The mode of M w e  was determined by direct comparison of the flexural capacity, based 

on yield-line theory, and the punching capacity, and is the only means of assessing 

whether the connection is ductile or brittle. It would be desirable to express the ductility 

of the connection as a function of the level of deformation experienced by the shear 

failure surface. Such an approach would require the utilization of one or more equations 

for geometric compatibility; similar to the method embraced by Kinnunen and Nylander 

(1960). Research of this nature would in all likelihood further the transition fiom an 

empirical to a mechanical representation of the response. 

6.3.2 Cbapter 5 - Experimental Program 

The experimental program consisted of two slab-column fiames, or six slab-column 

connections. Although the response of each frame was fhvourable, the results apply only 

to the parameters investigated. A wide range of flat-slab systems encompass an even 

wider range of parameters. In that regard, it is desirable to test additional specimens, to 



not only verifjr the accuracy of any procedure, but to probe the limits of the respective 

equations as well. 

The use of a uniform stress distribution in the design of the second specimen was 

premature. Using published data fiom non-cyclic tests, the distribution should have been 

calibrated before implementation within the design procedure. Then, the results fkom the 

reverse-cyclic tests would have provided at least a cursory understanding of the effects of 

non-linear deformations on the capacity of the connection. Nonetheless, a uniform 

distribution is conceivably a superior representation of the conditions at exterior 

connections and should be considered. 

Traditionally, research on slab-column connections has focused on interior connect ions. 

Studies on edge and comer connections have trailed behind. Perhaps before another 

interior two-span-continuous slab-column fiame is tested, an exterior fkame (consisting of 

one edge and two corner connections) should be investigated. 

In Chapter 5, expressions were developed to estimate the unbalanced moment (equations 

(5- 1 S), (5- 1 6a) and (5- 1 6b)) and the reduction in capacity (equations (5- 1 7) and (5- 1 8)). 

In all likelihood, the choice of parameters selected for evaluation would fit the list of 

variables presupposed by the research community. However, the accuracy of the 

expressions could use some improvement. Uncertainty is due in part because the number 

of cycles, N, and the lateral drift ratio, D, could not be segregated. The effects of these 

parameters can be isolated fiom each other by conducting a series of tests, perhaps on 

isolated specimens, where D is held constant and only N is varied. 

The effects of prestressing on the response of slab-column connections exposed to 

seismic scenarios require investigation. The confining effects have proven beneficial in 

improving the punching capacity of the connection. Similarly, prestressing is expected to 

improve the resistance to degradation of the concrete. However, controversy exists over 

the ability of post-tensioned slabs to respond in a ductile manner and thereby dissipate 

seismic energies. 
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APPENDIX A 

A IMATHCAD PROGRAM. 

A.l GENERAL 

This appendix contains a computer program, created for the evaluation of the punching 

and flexural capacities of concentrically loaded slab-column connections. The program 

was originally developed to evaluate a mechanical model based on the principal of shear 

iitction, as discussed in Chapters 2 and 3. The model will calculate the ultimate capacity 

of both isolated specimens and connections within continuous fimes. Calculations for 

shear strength are based on shear fiction and those for flexural strength incorporate yield 

theory. Comparison of the strengths gives the user an assessment of the probable mode 

of f'ailure. 

The program also contains a simplified version of the shear fiiction model. This version 

can just as easily be used for hand calculations. 

In an effort to quell any concerns raised by sceptics devoted to the provisions of the CSA 

concrete design standard, the program includes a routine for the evaluation of the 

punching capacity based on the requirements of CSA A23.3-94. The routine includes an 

evaluation of the flexural capacity of the connection, based on the same yield h e  theory 

model used with the two shear fiction versions. 

The program was created in a Microsoft Windows version of Muthcad 7 ProfessionuZ 

(1 997), by Mathsoft, Inc. (Version 3). The Mathcad file name is crr20u. mcd. An 

electronic copy of the program is provided for duplication off the compact disc provided 

on the inside of the back cover of this document. 

Dimensional and mechanical properties for the slab-column connections are input using 

the '98 edition of Microsoft Excel. The spreadsheet is contained within the Mathcad 



format and not linked to a separate file. The spreadsheet currently contains the database 

created for the calibration of the shear fiction model. 

The nomenclature used in the headings of the spreadsheet is d e e d  in Appendix B 

(Appendix B contains a hard copy of the database). The nomenclature is also show in 

Figures A. 1, A.2 and A.3. 

p, = reinforcement ratio in the xdirection 
p, = reinforcement ratio in the ydirection 
fy = yield strength of the flexural reinforcement 
fc = compressive cylinder strength of the concrete 

Figure A.l-  Nomenclature for the Stab-Column Dimensions used in the Mathcad 7 
Shear Friction Program 



A,= Area of the shaft of 
a single stud in the line 
in the y - direction. 

N, = Number of studs per row 
in the positive or negative 
ydi rection. 

A,= Area of the shaft of 
a single stud in the 
line in the diagonal 
direction. 

0 O 0  0 

-0 o CI N, = Number of studs per row 
in the diagonal direction. 

of a single stud in 
the line in the 
x-di rection . 

N, = Number of studs 
per row in the 
positive or 
negative x-direction. 

fyv = Yield strength of the 
shear reinforcement 

Figure A.2 - Nomenclature for the Shear Stud Reinforcement used in the Mathcad 
7 Shear Friction Program 



Figure A.3 - Nomenclature for the Shear Stud Reinforcement used in the Mathcad 
7 Shear Friction Program 
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APPENDIX B 

B DATABASE FOR SHEAR FRICTION MODEL 

B.1 GENERAL, 

This appendix contains a database that was used to calibrate the shear fiction model 

described in Chapter 3. The database is divided into two groups. Group A (Tables B. 1 to 

B.6) details a set of test specimens reinforced with shear studs. Group B (Tables B.7 to 

B. 12) contains specimens with no shear reinforcement. 

The hardcopy given in this appendix was formatted on a '98 version of Microsoft Excel. 

An electronic copy of the database is available for duplication fiom the compact disc 

provided on the inside of the back cover of this document. The Excel file name is 

database for dissertation.xZs. 

8.1.1 Nomenclature 

The nomenclature used in the database is listed below. It also forms a portion of the 

overall nomenclature used in the computer program presented in Appendix A. 

In the database, an x refers to a quantity that does not apply to that specimen. For 

instance, an x is used for any parameter relating to shear reinforcement in a connection 

that does not contain any shear reinforcement. A question mark signifies an unknown 

value, and only applies to the angle of the Wure surface. Shaded areas generally refer to 

values that were either averaged in the publication fiom which they were obtained or to 

values that were calculated fiom other Sonnation provided in the publication. 

Examples include: 

i) values of f,' , averaged fiom values for two or more specimens, 



ii) flexural reinforcement ratios, calculated fkom bar sizes and bar spacings. 

In any event, the assumptions that co~~espond with the shaded areas are outlined in the 

"Comments" column in Figures B.5, B.8 and B. 1 1 . 

B.1.1.X Mechanical and Dimensional Parameters 

Ah, = area of the head at the top of the stud 
As = area of shaft of the stud 

= area of a single stud in a row perpendicular to the x-direction 

A:, = area of a single stud in a row perpendicular to the y-dlection 
A&, = area of a single stud in a row perpendicular to the diagonal between the x and 

y-directions 
bh = width of the square head at the top and bottom of the stud 
c, = column dimension normal to the x-direction 
c, = column dimension n o d  to the y-direction 
d = effective depth 
dcvb = concrete cover to the bottom of the shear stud reinforcement 
dm, = concrete cover to the top of the shear stud reinforcement 
d h  =diameteroftheheadofthestud 
dhb = diameter of the head at the bottom of the stud 
dhr = diameter of the head at the top of the stud 
d, = shaft diameter of the stud 
d, = effective depth in the x-direction 
d, = effective depth in the y-direction 
fi = 28 day compressive strength of the concrete (2: 1 cylinder test) 
f,, = 28 day compressive strength of the concrete (1 : 1 cube test) 
f ,  = yield strength of the flexural reinforcement 
f, = yield strength of the shear stud reinforcement 
h = slab depth 
h, = total stud length 
N,, = number of studs in a row perpendicular to the x-direction 
Nv = number of studs in a row perpendicular to the y-direction 
N,, = number of studs in a row perpendicular to the diagonal between the x and 

y-directions 
N, = number of rows of studs in the x-direction 
N, = number of rows of studs in the y-direction 
N, = number of rows of studs along the diagonal between the x and y-directions 
sv, = location of the first stud fiom the h e  of the column in the x-direction 
svOy = location of the first stud fiorn the face of the column in the y-direction 



svow = location of the first stud fkom the comer of the column along the diagonal 
between the x and y-directions 

svx = stud spacing in the x-direction 
s, = stud spacing in the y-direction 
s, = stud spacing dong the diagonal between the x and y-directions 
s,~, ,~ = nth and mth stud spacing 
thb = thickness of the head/studrail at the bottom of the stud 
tht =thickne~softheheadatthetopofthestud 

= ultimate capacity as determined &om experimentation 
whb = width of the studrail 
9 = angle of failure surface from a horizontal plane (nC = no taken along the x or 

y-axis; mD = rnO taken along the diagonal between the x and y-axes) 
p = reinforcement ratio 
p, = reidorcement ratio in the x-direction 
f i  = reidorcement ratio in the y-direction 

B.1.1.2 Modes of Failure 

F = Mure caused by large flexural deformation (punching did not occur) 
F/P = significant flexural deformation preceded punching failure 
IS = punching occurred within the shear reinforced zone 
IS(n,m) = punching occurred between the nth and mth studs 
P = punching occurred prior to any significant flexural deformation 
OS = punching occurred outside the shear reinforced zone 
x = parameter not present in specimen 

B.1.1.3 Edge Support Conditions 

2Px4E w/corner restraint = two point supports along all four edges with corners 
restrained against rotation (edges fkee to rotate) 
2Px4E w/ edge restraint = two point supports along all four edges with edges restrained 
against rotation (corners fiee to rotate) 
2Px4E w/ edge and corner restraint = two point supports along all four edges with edges 
and corners restrained against rotation 
4E(SS) = simply supported along all four edges 
4Px4E(cornersfiee) = four point supports along each of all four edges with the comers of 
the slab fiee to rotate 
4Px2E = four point supports along each of two opposing edges 
8P = eight equally spaced points around the perimeter of the slab 
12P = twelve equally spaced points around the perimeter of the slab 
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Figure B.1- Database for Shear-Reinforced Slab-Column Connections (Part 1 of 6) 



Figure B.2 - Database for Shear-Reinforced Slab-Column Connections (Part 2 of 6) 



Figure B.3 - Database for Shear-Reinforced Slab-Column Connections (Part 3 of 6) 



Figure B.4 - Database for Shear-Reinforced Slab-Column Connections (Part 4 of 6) 



Figure B.5 - Database for Shear-Reinforced Slab-Column Connections (Part 5 of 6) 



Figure 8.6 - Database for Shear-Reinforced Slab-Column Connections (Part 6 of 6) 
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Figure B.7 - Database for Slab-Column Connections with No Shear Reinforcement (Part 1 of 6) 



Figure B.8 - Database for Slab-Column Connections with No Shear Reinforcement (Part 2 of 6) 



Figure B.9 - Database for Slab-Column Connections with No Shear Reinforcement (Part 3 of 6) 



Figure B.10 - Database for Slab-Column Connections with No Shear Reinforcement (Part 4 of 6) 



Figure B . l l -  Database for Slab-Column Connections with No Shear Reinforcement (Part 5 of 6) 



Figure B.12 -Database for Slab-Column Connections with No Shear Reinforcement (Part 6 of 6) 



APPENDIX C 

C MODIFICATIONS TO TESTING APPARATUS 

C.1 DESIGN DRAWINGS 

This appendix contains the design drawings used to fabricate the revisions to the original 

testing apparatus. As detailed in Chapter 4, the original testing apparatus was capable of 

subjecting a 1 %-span slab-column w e  to gravity loads only. The apparatus was 

expanded to accommodate a 2-span fiarne, and equipped with a system to simulate 

seismic loads (in addition to the existing gravity load system). Through the course of the 

design procedure a multitude of drawings were developed (preliminary sketches, detailed 

drawings, hbrication sheets, material lists, etc.). Not aU of the drawings are included in 

this appendix. Only those details that enhance the readers understanding of the 

modifications are shown. 

The drawings were drafted by hand. The drawings have been scanned and reduced to 75 

percent of the original (unless noted othervvise in the title of the figure). Each detail, 

including its original reference marker, has been shadow boxed and relabelled in 

accordance with the format of this document. The original reference markers were 

included to allow the reader to cross-reference the drawings. The reference markers have 

gaps in the sequence. They are however in numerical order. 

C.1.1 Modifications Concerning the Expansion to a 2-Span Specimen 

To accommodate a Zspan specimen, existing components required duplication. Detailed 

drawings of most of the original components were not available for fkbrication. Using 

measurements fiom existing components, as-built drawings were created. The first two 

figures are as-built drawings; figure numbers and titles are referenced below: 



Figure C.l - Spherical Seat/RolIer Bearing Assembly (Front Elevation) 
Figure C.2 - Spherical SeatRoller Bearing Assembly (Side Elevation) 

C.1.2 Modification Concerning the Lateral Load Distribution System 

Most of the drawings concerned the addition of a lateral load distribution system. The 

system can be split into three distinct parts; identical upper and lower ladders (whkh 

include a series of pins and slotted plates to guide the assembly), the connections (or 

linkages) between the ladder and the ends of the columns, and the secondary portal fiame 

(which houses the horizontal hydraulic actuators). A second list of drawings is given 

Figure C.3 - Column Cap/Shoe Assembly (Linkage) 
Figure C.4 - Lateral Load Cell (Linkage) 
Figure C.5 - Threaded Coupling (Linkage) 
Figure C.6 - Pinned Knuckle; Male End (Linkage) 
Figure C.7 - East End of Ladder (Plan View) 
Figure C.8 - Mid-Section of Ladder (Plan View) 
Figure C.9 - West End of Ladder (Ph View) 
Figure C. 10 - Transverse Rung (Ladder) 
Figure C. 1 1 - Pinned KnuckIe; Female End (Linkage) 
Figure C. 12 - Pinned/Slotted Guidance System 
Figure C. 13 - Steel Pin/Load Cell Housing (Guidance System) 
Figure C. 14 - Keeper Plate (Guidance System) 
Figure C. 15 - Slotted Plate (Guidance System) 
Figure C. 1 6- Hinge Detail (Ladder) 
Figure C. 17 - East Portion of Ladder (Side Elevation) 
Figure C.18 - West Portion of Ladder (Side Elevation) 
Figure C. 19 - Secondary Portal Frame 
Figure C.20 - Base Plate Assembly (Plan View; Secondary Portal Frame) 
Figure C.2 1 - Base Plate Assembly (Side Elevation; Secondary Portal Frame) 



I - I 

Figure C.l-  Spherical SeatlRoller Bearing Assembly (Froa t Elevation) 



J 

Figure C.2 - Spherical Seat/Rolkr Bearing Assembly (Side Elevation) 



Figure C.3 - Column CapIShoe Assembly (Linkage) 
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Figure C.4 - Lateral Load Cell (Linkage) 



Figure C.5 - Threaded Coupling (Linkage) 



Figure C.6 - Pinned Knuckle; Male End (Linkage) 





Figure C.8 - Mid-Section of Ladder (Plan View) 



Figure C.9 - West End of Ladder (Plan View) 



Figure C.10 - Transverse Rung (Ladder) 



Figure C.11- Pinned Knuckle; Female End (Linkage) 



I 1 

Figure C.12 - Pinned/Slotted Guidance System 



Figure C.13 - Steel Pinnoad Cell Housing (Guidance System) 



Figure C.14 - Keeper Plate (Guidance System) 



.-. . 

Figure C.15 - Slotted Plate (Guidance System) 



Figure C.16 - Hinge Detail (Ladder) 



Figure C.17 - East Portion of Ladder (Side Elevation) 



Figure C.18 - West Portion of Ladder (Side Elevation) 



Figure C.19 - Secondary Portal Frame 



Figure C.20 - Base Plate AssembIy (Plan View; Secondary Portal Frame) 



Figure C.21- Base Plate Assembly (Side Elevation; Secondary Portal Frame) 



APPENDIX D 

D. DESIGN EQUATIONS 

D.1 GENERAL 

This appendix is intended to W h  the reader with the complete set of equations used in 

the design of the Slab S2. The equations were discussed in general terms in Chapter 5. 

D.2 EQUATIONS FOR THE DESIGN OF SLAB S2 

D.2.1 Moment Resistance of the Slab per Unit Length 

In Section 5.2.2.3, the moment resistance of the slab (per unit length), rn, was required for 

calculation of the overall probable moment resistance to lateral loads. The equation for m 

is given generically in the section. The wn-generic versions are listed below. 



dLIF = distance from the extreme compression fibre at the top of the slab to the bwer 
layer of flemal reinforcement in the x-direction 

db = distance from the extreme compression fibre at the top of the slab to the lower 
layer of flexural reidiorcement in the y-direction 

d, = distance from the extreme compression fibre at the bottom of the slab to the upper 
layer of f l e d  reinforcement in the x-direction 

d,  = distance fiom the extreme compression fibre at the bottom of the slab to the upper 
layer of f l e d  rebfiorcement in the y-direction 

f,' = specified compressive strength of the concrete 
= specified yield strength of the flexural reinforcement 

m,, = moment resistance per unit length due to the upper layer of flexural reinforcement 
in the x-direction, placed within the confines of the column 

mic = moment resistance per unit length due to the lower layer of flexural reinforcement 
in the x-direction, placed within the confines of the column 

mxs = moment resistance per unit length due to the upper layer of flexural reinforcement 
in the x-direction, placed within a distance, c,, each side of the c o h  

mk = moment resistance per unit length due to the lower layer of flexural reinforcement 
in the x-direction, placed within a distance, c,, each side of the column 

m,, = moment resistance per unit length due to the upper layer of flexural reinforcement 
in the y-direction, placed within the confines of the column 

m$ = moment resistance per unit length due to the lower layer of flexural reinforcement 
in the y-direction, placed within the confines of the column 

m,, = moment resistance per unit length due to the upper layer of flexural reinforcement 
in the y-direction, placed within a distance, c ,  each side of the column 

m& = moment resistance per unit length due to the lower layer of flexural reinforcement 
in the y-direction, placed within a distance, cy, each side of the column 



a, = ratio of average stress in rectangular compression block to the specified concrete 
strength 

# = resistance factor for concrete 
# = resistance factor for steel 
hc = reinforcement ratio due to the upper layer of flexural reinforcement in the 

x-direction, placed within the confines of the column 
pi, = reinforcement ratio due to the lower layer of flexural reinforcement in the 

x-direction, placed within the confines of the column 
p, = reinforcement ratio due to the upper layer of flexural reinforcement in the 

x-direction, placed within a distance, c,, each side of the column 
pk = reinforcement ratio due to the lower layer of flexural reinforcement in the 

x-direction, placed within a distance, ex, each side of the column 
p,,= = reinforcement ratio due to the upper layer of flexural reinforcement in the 

y-direction, placed within the confines of the column 
pk = reinforcement ratio due to the lower layer of flexural reinforcement in the 

y-direction, placed within the confines of the column 
= reinforcement ratio due to the upper layer of flexural reinforcement in the 

y-direction, placed within a distance, c,, each side of the column 
pk = reinforcement ratio due to the lower layer of flexural reinforcement in the 

y-direction, placed within a distance, c,, each side of the column 

D.2.2 Calculation of Uniform Stress Distribution 

The current edition of CSA A23.3-94 utilizes a linear stress distriiution along an 

empiridy defined critical section to model the shear response of a slab-column 

connection to unbalanced loads. In Section 5.2.2.3, which suggests an alternate 

procedure for the shear design of Slab S2, the philosophy of a linear stress distribution 

was abandoned in fizvour of a uniform distribution. The uniform distribution was thought 

to better represent the performance at edge connections. It was applied at interior 

connections for the sake of conformity. However, the calculations used to establish the 

udiorm distribution are somewhat more detailed than those for the linear distri%utioa 

The process involves maintaining equilibrium and requires the solution of a quadratic 

equation. The solution can be simplified by predetermining and tabulating some of the 

equations used in the process. These equations are presented in their entirety in the 

following pages. The equations are a fhction of the location of the connection (interior 



or edge connections) and the location of failure (adjacent to the h e  of the column or 

outside the shear reinforced zone). 



D.2.2.1 Interior Column; Case No.1 

Location: Critical section adjacent to the face of the column; 
Limits: - v S v ,  S V ( ~ ,  =o), 0 ~ M / V < b ~ / y , 2  

Figure D.1- Uniform Stress Distribution; Interior Column; Critical Section 
Adjacent to Face of Column 

Unknowns: v and v, 

Solution: k, =2b, +b2 =b, -b, 

Interaction: y, M = - Vh, 12 + vrb,b,d/2 



D.2.2.2 Interior Column; Case No.2 

Location: Critical section adjacent to the face of the column; 
Limits: Ocg, 1412, b2/2yv  c M / V < m  

Figure D.2 - Uniform Stress Distribution; Interior Column; Critical Section 
Adjacent to Face of Column 

Unknowns: vand g2 

Solution: k, = 2b1 
k2 = b,b, 
a = - k f / 8 - k 2  
b = yvM 

c =  v2/8 

Interaction: y , M = - ~ ~ / 8 v , d - v , a d  



D.2.2.3 Interior Column; Case No.3 

Location: Critical section outside the shear reinforced zone; 
Liinits: - v l v o  s ; v ( ~ ,  =o), 0 ~ ~ / ~ ~ b , l , / 2 ~ ~ ( l , + 2 1 )  

Figure D.3 - Uniform Stress Distribution; Interior Column; Critical Section Outside 
Shear Reinforced Zone 

Unknowns: v and v, 

Solution: k, =21, +4E+I, = b ,  - I ,  

V, = (vk, d - ~ ) / l , d  

Interaction: y,M = - Vb, /2 + v, bo b, dl2 



D.2.2.4 Interior Column; Case No.4 

Location: Critical section outside the shear reinforced zone; 
Limits: o < g, 5 z/&, 41, /2yv (z, + 21) c M/V I b,~, + 21(6, - ~ / f i ) J / 2 ~ ~ l ,  

Figure D.4 - Uniform Stress Distribution; Interior Column; Critical Section Outside 
Shear Reinforced Zone 

Unknowns: v and g2 

Solution: k, = 21, + 41 = b, - 21, 
k, = b,l, 
a = k : / 8 f i  - k,b,/2 - k2 
b = y , ~  + V b , / 2 - ~ k , / 4 J Z  

v = (- b + ~ ~ ) / 2 a d  

g, = (k, - v/vd)/4 J;i 

Interaction: y,M = - v 2/8JZ~,d - ~ ( b ,  /2  - k, /4&)-v,ad 



D.2.2.5 Interior Column; Case No.5 

Location: Critical section outside the shear reinforced zone; 
Limits: l /& < g, < bl 12, [b,l, + 21 (b, - I/&)] /2  y,l, < M / V < 

Figure D.5 - Uniform Stress Distribution; Interior Column; Critical Section Outside 
Shear Reinforced Zone 

Unknowns: v and g;! 

Solution: k, = 21, + 42/& 

k2 = b1Z2 + 241 - (1 + &)12 - &,z 

Interaction: y , M = - v 2/8v,d - v,ad 



D.2.2.6 Edge Column; Case No.6 

Location: Critical section adjacent to the face of the column; 
Loading: M is in the same direction as Ve; 

Limits: 

Figure D.6 - Uniform Stress Distribution; Edge Column; Critical Section Adjacent 
to Face of Column 

Unknowns: v and v, 

Solution: v =  [ Y,M + ~ ( ~ , e + e , ) I / b f d  

Interaction: y, M = -v( y,e + e, ) - v,b:d 



D.2.2.7 Edge Column; Case No.7 

Location: Critical section adjacent to the face of the co1ur~; 
Loading: A4 is in the same &ection as Ve; 

Limits: 

Figure D.7 - Uniform Stress Distribution; Edge Column; Critical Section Adjacent 
to Face of Column 

Unknowns: v and gz, 

Solution: k, = 2b, +b, = b, 

a = k: /8 - k,e, 
b = y,M + ~ ( ~ , e  - e, + k , / 4 )  

c = v 2 / 8  

Interaction: y, M = - v ' /8vrd - V( yve - e, + k, 14) - vrad 



D.2.2.8 Edge Column; Case No.8 

Location: Critical section adjacent to the face of the column; 
Loading: M is in the opposite direction fiom that of Ve; 
Limits: OSg, s b O / 4 ,  e $ M / V < o o  

Figure D.8 - Uniform Stress Distribution; Edge Column; Critical Section Adjacent 
to Face of Column 

Unknowns: v and g2 

Solution: k, = 2b, +b, = b, 

a = k: 18 - k,e, 
b = y,M + ~ ( e ,  - y,e - kJ4) 
c = v2/8 

Interaction: y,M = - v2/8v,d + ~ ( ~ , e  - e, + k, /4)- v,ad 



D.2.2.9 Edge Column; Case No.9 

Location: Critical section outside the shear reinforced zone; 
Loading: M is in the same direction as Ve; 

Limits: 

Figure D.9 - Uniform Stress Distribution; Edge Column; Critical Section Outside 
Shear Reinforced Zone 

Unknowns: v and v, 

Solution: v =  [ y , ~ + ~ ( y , e + e , ) ] / b o e , d  

Interaction: y v M  = - ~ ( ~ , e  + e l )+  v,b,e,d 



D.2.2.10 Edge Column; Case No.10 

Location: CriticaI section outside the shear reinforced zone; 
Loading: M is in the same direction as Ye; - 

Limits: 
(4&-2)2, +22+Z2 

b, > g* 2 
2ke, - e < M l V < a  

4JZ ' yv(211 +22-2,) 

Figure D.10 - Uniform Stress Distribution; Edge Column; Critical Section Outside 
Shear Reinforced Zone 

Unknowns: v and g2 

Solution: k, = (445 + 2)2, + 22 - I ,  

a = k ; / 8 f i - k , e 2  -2l,e, 

b = y , ~  + v(y ,e  + el - k, /4JZ) 

e = v2/8JT 

Interaction: y,M = - v 2/8&vrd - ~ ( ~ , e  + e, - k, /4&)- v,ad 



D.2.2.11 Edge Column; Case No.11 

Location: Critical section outside the shear reinforced zone; 
Loading: Mis in the opposite direction from that of Ve; 

4Z1e2 - Z: 
Limits: O<g, SE,, e < M / V I  

TV(4  - 4 0 +  

Figure D.11 - Uniform Stress Distribution; Edge Column; Critical Section Outside 
Shear Reinforced Zone 

Unknowns: v and a 

Solution: k, =2E, +2E+3, =lo 

a = k: /8 - k,e, 
b = y v M  + ~ ( e ,  - y,e - k, 14) 

c = v2/8 

Interaction: y,, M = - v 2/8vrd + V( yve - e, + kl /4 )  - vr ad 



D.2.2.12 Edge Column; Case No.12 

Location: Critical section outside the shear reinforced zone; 
Loading: Mis in the opposite direction from that of Ve; 

Limits: 
(&-2)~ ,  + ~ z + z ,  4i,e2 -2: 

11 <g25 
4 4 5  

+ e < M I V < m  
' Y V ( ~  -41) 

Figure D.12 - Uniform Stress Distribution; Edge Column; Critical Section Outside 
Shear Reinforced Zone 

Unknowns: v and g2 

Solution: k, = 2(2& - l ) ~ ,  + 22 + 2, 

k, = 4(&-1)l,e, +2(1-&)I: 

a = k : / 8 f i - k , e 2  + k2 

v = (- b + ~=) /2ad  

g2 = (k, - v/vd)/4 JZ 

Interaction: y, M = - v '/8&d + v(e2 - y,e - k, /G)- v,ad 



APPENDIX E 

E EXPERIMENTAL FIGURES 

This appendix contains a compilation of figures (and photographs) related to Chapter 5, 

the experimental portion of this dissertation. 

In the chapter, the figures introduced within the confines of the text were intended to 

reflect specific trends or ideas. These figure represented only a small portion of the total 

number of tables, graphs and photographs created to identify relevant findings. In an 

effort to provide a complete record of the data acquired during the experimental program, 

the remainder of the figures are presented in this appendix. For ease of comparison, 

some of the figures shown in Chapter 5 are reiterated in the appendix. 

The figures Ml into well-defined categories: 

i) hysteretic loops of the strains in the shear studs 

ii) hysteretic loops of the strains in the flexural reinforcement 

iii) contour plots of the maximum strains in the shear studs 

iv) envelopes of the hysteresis of the strains in the flexural reinforcement 

v) envelopes of the hysteresis of the lateral resistance of the connections 

vi) photographs of the shear studs and flexural reinforcement 

vii) photographs of the SI.U&+X crack patterns 

viii) photographs of the spalled concrete at the edge connections 

For ease o f  reference, a list of figures is presented overleaf. 



The following is a complete Iist of the figures presented in this appendix: 

Figure E. I - Slab S 1 ; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 1 to 14) 

Figure E.2 - Slab S 1 ; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 15to 29) 

Figure E.3 - Slab S 1; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 30 to 48) 

Figure E.4 - Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 49 to 62) 

Figure E.5 - Slab S 1 ; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 63 to 74) 

Figwe E.6 - Slab S 1; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 75 to 89) 

Figure E.7 - Slab S 1 ; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 90 to 96) 

Figure E.8 - Slab S 1 ; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 97 to 1 13) 

Figure E.9 - Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 114 to 125) 

Figure E. 10 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 1 to 19) 

Figure E. 11 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 20 to 3 1) 

Figure E. 12 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 32 to 43) 

Figure E. 13 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 44 to 57) 

Figure E. 14 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 58 to 74) 

Figure E. 1 5 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 75 to 78) 

Figure E. 16 - Slab 52; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 79 to 95) 

Figure E. 17 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 96 to 1 1  1) 

Figure E. 18 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 1 12 to 127) 

Figure E. 19 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 128 to 144) 

Figure E.20 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 145 to 161) 



Figure E.21 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 162 to 177) 

Figure E.22 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 178 to 192) 

Figure E.23 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading 
(Gauge Nos. 193 to 209) 

Figure E.24 - Slab S1; Contour Plot of the Strains in the Shear Studs due to the 
Maximum Positive Unbalanced Moment During Reverse-Cyclic Loading 

Figure E.25 - Slab S 1; Contour Plot of the Strains in the Shear Studs due to the 
Maximum Negative Unbalanced Moment During Reverse-Cyclic Loading 

Figure E.26 - Slab S1; Contour Plot of the Maximum Strains in the Shear Studs During 
Reverse-Cyclic Loading 

Figure E.27 - Slab S2; Contour Plot of the Strains in the Shear Studs due to the 
Maximum Positive Unbalanced Moment During Reverse-Cyclic Loading 

Figure E.28 - Slab S2; Contour Plot of the Strains in the Shear Studs due to the 
Maximum Negative Unbalanced Moment During Reverse-Cyclic Loading 

Figure E.29 - Slab S2; Contour Plot of the Maximum Strains in the Shear Studs During 
Reverse-Cyclic Loading 

Figure E.30 - Column S 143 ;  Strains in the Flexural Reinforcement Versus the Peak 
Lateral Drift Ratios 

Figure E.3 1 - Column S2-C3; Strains in the F l e m d  Reinforcement Versus the Peak 
Lateral Drift Ratios 

Figure E.32 - Slab S 1 ; Plot of Predicted and Experimental Hysteretic Envelopes 
Figure E.33 - Slab S2; Plot of Predicted and Experimental Hysteretic Envelopes 
Figure E.34 - Column S1-Cl; Photograph of the Shear Studs and the F l e d  

Reinforcement 
Figure E.35 - Column S1-C2; Photograph of the Shear Studs and the Flexural 

Reinforcement 
Figure E.36 - Column S1-C3; Photograph of the Shear Studs and the Flexural 

Reinforcement 
Figure E.37 - Column S2-C1; Photograph of the Shear Studs and the Flexural 

Reinforcement 
Figure E.38 - Column S2-C2; Photograph of the Shear Studs and the Flexural 

Reinforcement 
Figure E.3 9 - Column S2-C3; Photograph of the Shear Studs and the Flexural 

Reinforcement 
Figure E.40 - Column S 1 -Cl ; Photograph of the Top Surface Crack Pattern 
Figure E.41- Column S1-C2; Photograph of the Top Surfhe Crack Pattern 
Figure E.42 - Column S1-C3; Photograph of the Top Surfhce Crack Pattern 
Figure E.43 - Column S2-CI; Photograph of the Top S h c e  Crack Pattern 
Figure E.44 - Column S2-C2; Photograph of the Top Surface Crack Pattern 
Figure E.45 - Column S2-C3; Photograph of the Top Surfbce Crack Pattern 
Figure E.46 - Column Sl -CI; Photograph of the Spalled Concrete at the Slab Edge 
Figure E.47 - Column S1 -C3; Photograph of the Spalled Concrete at the Slab Edge 



Figure E.48 - Column S2-Cl ; Photograph of the Spalled Concrete at the Slab Edge 
Figure E.49 - Column S2-C3; Photograph of the Spalled Concrete at the SIab Edge 
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Figure E.1- Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 1 to 14) 
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Figure E.2 - Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 15to 29) 
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Figure E.5 - Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 63 to 74) 
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Figure E.6 - Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 75 to 89) 
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Figure E.7 - Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 90 to 96) 
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Figure E.8 - Slab S1; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 97 to 113) 
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Figure E.10 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 1 to 19) 
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Figure E.ll- Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 20 to 31) 
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Figure E.12 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 32 to 43) 
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Figure E.13 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 44 to 57) 
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Figure E.14 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 58 to 74) 
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Figure E.16 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 79 to 95) 
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Figure E.18 - Slab SZ; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 112 to 127) 
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Figure E.19 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 128 to 144) 
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Figure E.20 - Slab 52; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 145 to 161) 
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Figure E.21- Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 162 to 177) 

, i 

Hyrtersrb for Column 8242; Slnln In the F h r a l  
Relntorcement (Bottom Mat) V m w  btwl  D M  R l t k  

5000 

4000 

h 2 3m 
3 
t;m 
i 
f! 1000 

f 0 

-1000 



Hystwmln for Column S2C2; Stnin In the Flsxunl 
Relntorcemenl (Bottom Mat) V e w s  ktsnl MR M o  

l Y I R A l N  GAVQE NO. 18t 

- 8 - 6 4 - 2 0 2 4 6 8  

Lateral Drift Ratio, D (%) 

Hyrtererb for Cdumn SZC?, strain in the Fkxumi 
Rdnfommmt (Bottom W Venus Laenl DrlR Rstlo 

3000 

2500 

h 

E- 
E 
5 1500 
s g I,, 
S m 

0 

-500 
- 8 - 4 - 2 0 2 4 8 8  

Lateral Drift Wo. D (%) 

Hysmds for Column 82- Sinln In the Fbxunl 
Relllronsment (Bottom Mot) Versus lateral D M  Rttk 

S T W H  QWOE NO.165 

- 8 - 8 4 - 2 0  2  4 6  8 

Lateral D M  Retio, D (%) 

Hysterwrls for Column 8242% Strpin in tho Fbxunl 
Reinforcement (Bottom Venur Lateral DrHt Ratio 

- 8 - 6 4 - 2 0 2 4 6 0  
lateral Drift Ratio, D (%) 

Figure E.22 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 178 to 192) 
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Figure E.23 - Slab S2; Hysteresis of the Strains During Reverse-Cyclic Loading (Gauge Nos. 193 to 209) 



Figure E.24 - Slab S1; Contour Plot of the Strains in the Shear Studs due to the Maximum Positive Unbalanced Moment 
During Reverse-Cyclic Loading 



Figure E.25 - Slab Sl; Contour Plot of the Strains in the Shear Studs due to the Maximum Negative Unbalanced Moment 
During Reverse-Cyclic Loading 
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Figure E.26 - Slab S1; Contour Plot of the Maximum Strains in the Shear Studs During Reverse-Cyclic Loading 
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Figure E.27 - Slab S2; Contour Plot of the Strains in the Shear Studs due to the Maximum Positive Unbalanced Moment 
During Reverse-Cyclic Loading 



Figure E l 8  - Slab S2; Contour Plot of the Strains in the Shear Studs due to the Maximum Negative Unbalanced Moment 
During Reverse-Cyclic Loading 
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Figure E.29 - Slab S2; Contour Plot of the Maximum Strains in the Shear Studs During Reverse-Cyclic Loading 
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Rgure E.30 - Column S1-C3; Strains in the Flexural Reinforcement Versus the Peak Lateral Drift Ratios 
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Figure E.31- Column S2-C3; Strains in the Flexural Reinforcement Versus the Peak Lateral Drift Ratios 
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Figure E.32 - Slab S1; Plot of Predicted and Experimental Hysteretic Envelopes 
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Figure E.33 - Slab S2; Plot of Predicted and Experimental Hysteretic Envelopes 



Figure E.34 - Column S1-C1; Photograph of the Shear Studs and the Flexural 
Reinforcement 

Figure E.35 - Column Sl-C2; Photograph of the Shear Studs and the Flexural 
Reinforcement 



Figure E.36 - Column S1-C3; Photograph of the Shear Studs and the Flexural 
Reinforcement 

Figure E.37 - Column S2-C1; Photograph of the Shear Studs and the Flexural 
Reinforcement 



Figure E.38 -Column S2-C2; Photograph of the Shear Studs and the Flexural 

Figure! E.39 - Column S2-C3; Photograph of the Shear Studs and the Flexural 
Reinforcement 



Figure E.40 - Column S1-C1; Photograph of the Top Surface Crack Pattern 

Figure E.41- Column S1-C2; Photograph of the Top Surtace Crack Pattern 



Figure E.43 - Column S2-C1; Photograph of the Top Sulface Crack Pattern 



Figure E.44 - Column S2-C2; Photograph of the Top Surface Crack Pattern 

Figure E.45 - Column S2-C3; Photograph of the Top Surface Crack Pattern 



Figure E.46 - Column S1-CI; Photograph of the Spalied Concrete at the Slab Edge 

Figure E.47 - Column Sl-C3; Photograph of the Spalled Concrete at the Slab Edge 



Figure E.48 - Column S2-C1; Photograph of the Spalled Concrete at the Slab E 

Figure E.49 - Column S2-C3; Photograph of the Spalled Concrete at the Slab Ec 
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Figure E.50 - Tension Tests for 10M Rebar in Slab S l  
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Figure E.51- Tension Tests for 15M Rebar in Slab Sl 



I I I I 
-BAR NO. 1 

- 
- BAR NO. 2 

-EARNo.3 
I I 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 
Strain 

Figure E.52 - Tension Tests for 10M Rebar in Slab S2 
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Figure E.53 - Tension Tests for 15M Rebar in Slab S2 
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Figure E.54 - Tension Tests for 6mm Studs in Slab Sl 
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Figure E.55 - Tension Tests for 9.53mm Studs in Slabs Sl  and S2 




