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Question#1

* What concrete strength (R) measure should we use
for concrete slab design?

. 0}
Stress ratio = =

 o=Slab Tensile Stress
* R =Concrete Strength




Concrete “Strength” Statement

Observations: Concrete Slab

“strength” greater than beam strength I
Designs assume ¢, = MOR = o, gk o
Strength difference exists:
Incorrect definition of strength Oy, 7 Olab

Other mat’l properties ignored

G- fracture toughness
Loading configuration effects
Slab geometry effects — Lx, Ly, h o ) *

Ly

Boundary condition effects
Gslabé_,

0, = MOR = flexural strength



Presentation Objectives:
Defining Concrete Strength for Design

1. What do we currently use (c___ /R) in the denominator for strength
(R) and what does it actually measure?

2. What should we use in the denominator for strength (R), e.g., MOR,

G.piitr Ocsr Ots?

split? ~ cs’

3. What are necessary concrete “strength” inputs for slab design?

4. How do we determine slab capacity (slab strength)?



Outline for Presentation

* Slab tests in laboratory
* Plain and fiber reinforced concrete

* Full-scale slab tests - field
* Flexural beam test (MOR) re-interpretation
* Goal - Slab Capacity



Monotonic and Fatigue of Concrete Slabs

Fully Supported Slabs E = N f?;
¢1.22mx 1.22m x0.15m | * S | iy

* 10 slabs cyclically loaded
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* 2 slabs statically tested
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e 24 beams for flexural
strength

Roesler (1998)



Beam and Slab Fatigue Curves

1.40 -+ Slab Fatigue Curve
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Concrete Slab Test Results - Single Pulse
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* Slab strength = 2.7 *MOR



Monotonic FRC Slab Testing (macrofibers)

Interior Loading

' ”ll m

Edge Loading




Load (kN)

Plain
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Slab Failure Load Summary (kN) Roesler et al. (ASCE 2004)

. . Slab/Beam )
Slab Type Tensile Flexural | Ultimate | _ Strength |
Plain 75 108 135 1.39
STRUX 90/40 i
(0.48%) 70 143 195 2.09 ]
STRUX 90/40
(0.32%) 75 135 174 1.82
Dramix 65/60
(0.35%) 70 141 228 2.01 ]
Tabix 1.3/50
(0.50%) 90 167 220 2.22 ]
WWR 65 122 201 1.53




Summary of Concrete Slab Testing (Abridged)

Concrete | Slab Monotonic / | Load Slab to beam
Reference Materials | dimensions | Fatigue Location Strength
Roesler Plain 1.22 x Both Edge 1.3
(1998) Concrete | 1.22 X

0.152 m

Roesler et Plain 2.0x2.0x Both Edge 2.8
al. (2004a) | Concrete | 0.15m
Kohler CRCP! Variable Fatigue Edge >1.0
(2005)
Rao (2005) | FSHCC? Variable Fatigue Edge 2.3
Roesler et Plain and | 2.2x2.2x Monotonic Edge and 1.4 Plain; 1.8
al. (2004b, | FRC’ 0.125m interior to 2.2 (FRC)
2006)
Beckett and | FRC and 3.0 x3.0 x | Monotonic Interior 2.0 Plain; 2.2
Humphreys | plain 0.15m to 3.2 (FRC)
(1989)
Falkner and | FRC and 3.0 x3.0 x | Monotonic Interior 2.1
Teutsch plain 0.15m
(1993)
Jensen and | Plain 3.0 x 1.8 x | Monotonic Uniaxial N/A
Hansen Concrete | 0.25m tension
(2001)

Roesler (2006)



9cm and 15cm Concrete Slab Tests (2010)

- e s B, N TR

1.8m x1.8m slab size by 9cm thick Edge loading: 9cm (FRC) or 15 cm (plain) thickness



Actual vs. Predicted Slab Capacity

140
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15cm load capacity = 110/75 kN = 1.5
120 - 15cm PCC Slab #2 2
---- 15cm PCC Slab #3 P
100 4= 9cm|FRC Slab #1 ‘ /
—--—9cm|FRC Slab #2 \
_. 80 : , ‘ i
> Predicted Load Capacity 15 cm Slak 5
= > Y
) !
S L
— 60 : /,I ,/
;I’
40
Predicted Load Capacity 9 cm Slab
20
0

5 10 15
Deflection [mm]

20

25

30

Roes

ler et al. 2013, 1JPE



Short Jointed Slab Fatigue Design

/ \—1,22
Cy X0y

log\NV.,,, )=2x
£(V,u) \ MORx C,xC, ,

C.= Slab Geometry & Thickness factor
C,= macro-fiber correction factor
C,= Edge loading correction factor

N;= allowable passes for axle position k, curling i (temperature), load level j, and critical

top or bottom stress location /
O, = principal stresses calculated with ISLAB2000 for axle position k, curling i and load j,

and critical top or bottom stress location /
MOR= Flexural strength of concrete at 90 days

Covarrubias, Roesler, Covarrubias (2010)
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What does the ]
concrete beam test
measure?

* Third-point loading:

Siax (MOR) =7
* P__. = peakload

* L=span

H = beam height or depth
D = beam width

Q#4 - Is it a fundamental material property?



How long have we been studying flexural
strength (MOR) for concrete?
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Other Historical Beam Studies
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What assumptions have been made incorrectly
about beam flexural strength test?

1. Concrete beam fails when the tensile stress in beam is reached at a
critical point/location, e.g., bottom of the beam in the middle third.

* No, beams fail when a certain region of the beam exceeds the strength
surface [F(o)]; and then nucleates & propagates a crack.

Ocs — Ots 20.50¢s
Flo)=+/Ts + I, — =0,
( } ? \@(gcs_gts} : \@(gcs_g‘cs} .

2. Tensile strength of concrete changes with height of the specimen

* No, “flexural strength” reduces with 4 beam height, but the tensile
strength is the same for any specimen height.

3. Concrete slabs fail when the applied tensile stress reaches the beam
“flexural strength”

* No, same as (1) above



What does beam test measure?

* Flexural strength (MOR) combines concrete tensile strength, G,
loading configuration, and specimen geometry (structural strength)

* Tensile strength near the (bottom) boundary layer of the specimen
affects the flexural strength.

* Not true for Brazilian split tensile test — interior of the specimen

& &

GC bl O.tint
O-tS S

-

r

Flexural Test

Split Tensile Test
bl _ :
o+s = tensile strength of boundary layer obl = or # g™

o M = tensile strength of interior



What is G for concrete materials?

* Critical strain energy release rate or fracture toughness (Griffith) - G,

* Material fracture property
* minimum energy required to create new material surface

* How do we measure it — Notched specimen tests
* G- value —10 to 50 N/m i
* Depends on w/c, aggregates, ITZ, air voids, etc. o
* Toughening mechanisms — fibers | ? ?

Single Edge Notched Beam

(Div [vio(X.t;)] =0, X e

8
Div [ 6°G V] = gtﬂkI-V(E(uk))+
4 G, 8
ggce{x:tk)_ 9 + Ep(t}k—l:vk)ﬂ X el

Fig. 2. WST specimen setup



s there a theoretical difference in flexural strength?

4-Point Bend Test 3-Point Bend Test
(a) ?P,u }u .. )_5 (b) }u

L/H =4 L/H =4
L/H =2 L/H=0
D=H=1 D=H=1
L=1.0 m l=1.0m

H=0.2m H=0.2m



Complete Theory of Fracture for Elastic Brittle materials,
e.g., concrete, glass, cermaics, elastomers, etc.

1. Must respect material separation of length scales
* min. HW=10*D,_
2. Must violate strength surface [F(o)] in a region for cracks to nucleate

1. Necessary but not sufficient condition
2. Cracks can only nucleate in violation set

3. Energetic competition in the set of strength surface violation
between elastic energy + G.*A_ or more elastic energy and no crack
extension.

4. Min. material properties: o,.,f’., G., E,, v

S. Saha, J.R. Roesler, and O. Lopez-Pamies (2026), “Breaking Four-Point and Three-Point Bending Tests,” International
Journal of Solid and Structures, V.339, https://doi.org/10.1016/].1js0lstr.2026.114169.



Violation of Strength Surface — 4-pt. loading
S = 5.06 MPa »l« l,

S = 6.03 MPa
,, S = 7.00 MPa

<0 > 0 7 MPa ~ 1 ksi




Violation of Strength Surface — 3-pt. loading

S = 5.06 MPa l
P i TS
~ 5 =06.03MPa
— T
S = 7.00 MPa
T

7 MPa ~ 1 ksi



Strength Surface Violation
Beam Height Comparison

N,

| | 0cs/0ws = 15

| 0,,=4.0 Mpa Four-point
40 1 E =28 GPa

Three-point




Difference in 3-pt & 4-pt flexural strength (S, .,)

[ — - 0,,=4.0 Mpa|
I cs s — 15 ts |
6 | |7/ E.=28GPa |
L | G. =30 N/m ]
> 5 Four-point .
4 B ]
ch Three-point
\2_/ 31 .
n I
2 | .
1} :
0 / . e
ot = tensile strength 0 0.05 0.1 0.15 0.2
o.s = tensile strength u (mm)

E. = elastic modulus

G, = fracture toughness 7 MPa ~ 1 ksi



Crack Nucleation / Propagation
3-pt & 4-pt beams

A-pt







S (MPa)

Comparing S

for 3-pt vs 4 pt and varying G

Max
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——————— ——— E,.=28GPa 8§ ——— —— —
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7 - 7L i
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Go=5N/m_/ oy :
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u (mm) 7 MPa ~ 1 ksi u (mm)



Predicting Beam “Flexural” Strength

G _. Ls D L; EG, i 2)
PQmazr — Y 0 H H H{TES Tts-

E(; (b) Pu
(a) Pu Pu c
Vo (ra = . (3) —F
i : i ‘ v O'Es ‘
A a = 1.567 ~ (=1
_ EG.\"\ __ _ EG.\"\
A . e P - '3 . ) : - a0 eo-
S = (1 +a (Hﬁtgs) ) ots  With 8= E]}Ef ,5 . (4) Saz = (l + a (H"’i) ) oo with { 3=0.621 (5)
v = 0.678 y=1
L)




Summary of 3-pt vs. 4-pt bending test

* For same concrete (w/o voids/defects), 3-pt and 4-pt beam test will give at
least 6-9% difference (depends on H, L/H)

* Higher diff. with lower L/H and material heterogeneity (20%-25%)

 Beam’s boundary layer tensile strength and stochasticity greatly affects
flexural strength values!!
bl

e 4-pt reflects minimum a@l while 3-pt reflects the mean oyg

* Need to measure g;¢, G, and E_ to predict slab capacity




Slab Capacity — The Goal

Fpax =/(L/RRS, a/RRS, L/L, %, lo/H)* o
2

I'x
I-y Pint ‘ | Pe

] g
$3 333333333







Summary of Concrete Strength (Denominator)

* MOR or Flexural Strength is “strength” standard for slabs but has
many limitations

* Slab “strength” or capacity is much larger than beam strength
* FRC slab strength > Plain concrete slab strength

* Slab design - Use slab flexural capacity
* Depends slab geometry, loading, concrete materials, fibers, etc.

* Beam flex. strength (MOR)

* Dependson o, G, E, and v

* Slab capacity calculation is the goal for denominator!
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