Architecture 544
Wood Structures

Wood Composite Systems

+ Strain Compatibility

Transformed Sections

Flitched Beams

Steel Sandwiched Beams

* Wood — Concrete Composites
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Strain Compatibility

With two materials bonded together, both
will act as one, and the deformation in
each is the same.

Therefore, the strains will be the same in
each material under axial load.

Axial

In flexure the strains are the same as in
a homogeneous section, i.e. linear.

In flexure, if the two materials are at the
same distance from the N.A., they will
have the same strain at that point
because both materials share the same
strain diagram. We say the strains are
“‘compatible”.

SECTon!

Stress = E x Strain Flexure

So stress will be higher if E is higher.
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Strain Compatibility (cont.)

The stress in each material is determined
by using Young’'s Modulus

o=Ee¢

Care must be taken that the elastic limit of
each material is not exceeded. The elastic
limit can be expressed in either stress or
strain.
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Axial Compression
Stress Analysis Procedure
STl

Determine the safety (pass or fail) of the
composite short pier under an axial load.

By Considére’s Law:

1. P=fA = fsAs + fwAw
(the actual stresses are unknown)

2. €pier =€s =
€ =f/E
fs/Es =fw/Ew
fs = (Es/ Ew) fw

€w (equal strains)

3. Substitute [(Es / Ew) fw] for fs into
the original equation and solve for fw

4. Use second equation to solve fs
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Example - Axial Compression
- Repweon Neg

Pass/Fail Analysis: we—= G(3E%sE"
/ ﬁc); 700;‘51)( )
_ _ e" E = 1000 KsI
Given: Load = 50 kips
Section: Aw = 19.25 in2 = Ayi,fngﬁ.f;‘-,, ft
Ew = 700 ksi L
As =2x 0.875 =1.75in? E =29060 Ks|
Es = 29000 ksi Es  29e0 24
Braced against buckling. is E, leeo ~
Req’rd: actual stress in the material
1. P=fA = fsAs + fw Aw Lawn Tf
(the actual stresses are unknown ) 502 £ (1.35%) + £, (19.25)
-(S = 29 (‘gw 3
2. fs=(Es/Ew)fw
3. P=(Es/Ew)fwAs +fwAw g0 =z 0k,
fw = 0.214 Yz = 714 re
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Example - Axial Compression
Pass/Fail Analysis:
y b= 280
£ 2904 = 20,7 ke
4. Use second equation to solve for fs SrECL
A2
21,6 7 20,1 rsl ’0’6
\doot?
B> &

oo < 714 e\ Fails |
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Flitched Beams & Scab Plates

Advantages
+ Compatible with the wood structure,

i.e. can be nailed

» Easy to retrofit to existing structure
+ Lighter weight than a steel section
+ Stronger than wood alone

— Less deep than wood alone

— Allow longer spans
* The section can vary over the length of the

span to optimize the member (e.g. scab plates)

* The wood stabilizes the thin steel plate

WwooD WweoD
sSTeel
ALLMNNOUAN
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Flitched Beams & Scab Plates

Disadvantages

* More labor to make — expense. Flitched beams
requires shop fabrication or field bolting.
» Often replaced by Composite Lumber which is
simply cut to length — less labor
— Glulam
— LVL
— PSL
* Flitched Beams are generally heavier than
Composite Lumber

WwooD WweoD
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Flexure Stress using
Transformed Sections

In the basic flexural stress equation, I is
derived based on a homogeneous section.
Therefore, to use the stress equation one
needs to “transform” the composite section
into a homogeneous section.

Mc Mc n
I O

b
tr

1y

Homogeneous Section Transformed Section

For the new “transformed section” to behave
like the actual section, the stiffness of both
would need to be the same.

Since Young’s Modulus, E, represents the
material stiffness, when transforming one
material into another, the area of the
transformed material must be scaled by the
ratio of one E to the other.
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| EEREPRCaEEE
E= 1.5 x(0" Kt

Fy= L2Ks!

*l— - STEEL 2
E = %0 x 107 Ksl

Fy= 36 Ksi

——— /ALoMINIOM

/ Ez 12 x103 Kol
5 = 35 Ks
Fy= 35 Ksl

e

The scale factor is called the modular ratio,
n.

Transformed material
A
n=—
EB Base material

In order to also get the correct stiffness for
the moment of Inertia, I, only the width of
the geometry is scaled. Using I from the
transformed section (I;g) will then give the
same flexural stiffness as in the original
section.
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Calculate the Transformed Section, |15

1. Use the ratio of the E modulus from
each material to calculate a modular
ratio, n.

2. Usually the softer (lower E) material is
used as a base (denominator). Each
material combination has a different n.

3. Construct a transformed section by
scaling the width of each material by its
modular, n.

4. 1,is calculated about the N.A.

5. If needed, separate transformed

sections must be created for each axis
(x-x and y-y)

University of Michigan, TCAUP
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Transformed material

E
and n,=-¢
EB

E
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Base material

L,=> 1+ Ad’
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Flitched Beam Analysis Procedure

1. Determine the modular ratio(s).
Usually the softer (lower E) material is
used as a base (denominator). Each
material has a different n.

2. Construct a transformed section by

Transformed material

E E

— _A — _C

ny = and n. -

B B
Base material

_— \doop

scaling the width of the material by its BErSE
modular, n. 12" BN
. . AL;::;:?’ Ks!
3. Determine the Centroid and Moment of A 2 o
. . " 7 t zu
Inertia of the transformed section. = o
(/A L i L/ ]
. = 12
4. Calculate the flexural stress in each X- & . +{— X
material separately using:
Mc n 2
= I,=>1+Y Ad
Itr
Transformation equation or solid-void
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Analysis Example — pass / fail
\Woop 2
For the composite section, find the Ey;"ﬁ{,ﬁf. K8
maximum flexural stress level in each EOPET MW
laminate material. Fye 3G K
/.\k&uwmurv(z i
E= 12 %167 KS
_ Mc n Fy = SSrKsl
= ———
Itr

1. Determine the modular ratios for
each material.

Use wood (the lowest E) as base
material.

IR B
l,\V-N>¢>|:715
.z

T - K

Ngr = %0 . 20,
1.5
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Analysis Example cont.:

2. Construct a transformed section.

Determine the transformed width
of each material.

. \doop ‘
E=1.5x10" Kst
Fy= L.2Ksl

————/ALOMINIUM
Ez 12 x10% K&l

Fy= 55 Ksl
" ‘ o ot
}4 21 14 17 /41
R N B
I/\VJOOO -3
.12
MAL = —— = .O
> -8
o
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Transformed Section
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Analysis Example cont.:
2. Construct a transformed section. TR
te 2
X & . 4 e
3. Calculate the Centroid and the g 12° o &3
Moment of Inertia for the Tt = T2t T
transformed section. =157 + 426
= 1538 WA
University of Michigan, TCAUP Structures ||
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Analysis Example cont.:

Find the maximum moment.

LoADING D 1acra

| ki ; 2 ! 3 | K& K
L M Ku: 2 Iw: (9 ’
o<T 24’ Tax 1= ! l': & ‘
EYALS : €> M%
% ] @ Bl l
) €d)
24 %! . ZH@(@—,
M G()-6(&)-M=0
H(é = 24 ot
by diagrams or by summing moments
University of Michigan, TCAUP Structures || Slide 15 of 32

Analysis Example cont.:

Actual Stresses:

4. Calculate the stress for each 5
material using stress equation with n=12/15=8 §r = M) = w
the transformed moment of inertia. A Ly, 1515

Mc n = 876 Kl ($y=35 k)
Iy = 0

tr

Compare the stress in each material to
limits of yield stress or the safe
allowable stress.

- - \Woop
Ez 1.5 %10 Kst
/] Fy= L2ks! n=1515=1

g /4-_4 STEEL 2
12 E = %0 % 0" K5l

g Fy= 3G Ks

n=30/1.5=20

/*’ﬁ "?’A\LUM!N(UM

E=12 x10% K&l

J " FY = 35 Ksl

0
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[ - Mc(n) 24(1)(4)) 20
sv” L, T 1538
= 14.6 K5! (;,gzgcpma}

-&)9 :f‘—'(_c‘n_ 24 (l?.)((o") 1.0
T (S8
=.oaKsl (fox L2)
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Capacity Analysis (ASD)
Flexure
Given

* Dimensions
* Material

Required
* Load capacity

1. Determine the modular ratio.
It is usually more convenient to
transform the stiffer material.

University of Michigan, TCAUP

REPWeoD Neg
/ léx(p (3 5K5— >
425 ps1 NDs 2015

% - 1000 K$I

“— Ar36 STEEL

 3.5") Y '"x 3.5"
Fz21.6 Kl
E =290 Ksl|
'_C___ _ 290c0 . 29
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Capacity Analysis (cont.)

2. Construct the transformed
section. Multiply all widths of
the transformed material by n.
The depths remain unchanged.

3. Calculate the transformed

moment of inertia, Itr .

=S+ Ad°

University of Michigan, TCAUP

b1 ;
3,52 = 101.5 5

; Yyt
F
e , iNA
L5(55Y
¢ ' o 0 4
1W: 1z - 48'6—3 m

; 2
I, = z[lol-fz(o.z:) . 25375(2'875)'}
12t ] AT
L = 48.83 44197 = 468305
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Capacity Analysis (cont.)

i)
N
4. Calculate the allowable strain o
based on the allowable stress «E{)
for the material. v
1l 5
allow - T
gallow - E = E
€, = 5 = 0.0007F5
locoooo
-~ . L6 =
€s® Zaoen ° 0,000 #45
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Capacity Analysis (cont.)

Allowable Strains:

o
5. Construct a strain diagram to find which of €E=E

the two materials will reach its limit first. The €, = P25 - p.ocotls

. . . loco oo
diagram should be linear, and neither 216
: ; - Eg= =x— = 0.0coFT
material may exceed its allowable limit. 29000
. ml
€20:000 745 Che

- -

025
2,35
=~ A,

NE =z 0.000683

R \
682 pst 198"

’ ——

Ew
2,35 "

£
c

. 0.000 45 :
3‘01/
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r=te

£ - iooo000 (01000643
‘F\p = (8L Psi

Fs = 29000 (0.0004,35)
FS = 19,8 KSI
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Capacity Analysis (cont.)

6. The allowable moments (load

capacity) may now be determined M = E_I_l“__ - %’%ﬁ z G2
cn

based on the stress of either material.
Either stress should give the same
moment if the strain diagram from
step 5 is compatible with the stress
diagram (they align and allowables
are not exceeded).

7. Alternatively, the controlling moment
can be found without the strain
investigation by using the maximum

allowable stress for each material in M

the moment-stress equation. The
lower moment will be the first failure
point and the controlling material.

University of Michigan, TCAUP
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0.682 (468.3) _ 16,1 %"
235"

216 (468.3) L
L LR 16—

cn 3 (29)

F250468.3) - '}25,§K"'
c 2w
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Design Procedure:

Given:  Span and load conditions

Material properties
Wood dimensions
Steel plate dimensions

Req’d:
Determine the required moment.

Find the moment capacity of the wood.
Determine the required capacity for steel.
Based on strain compatibility with wood, find
the largest d for steel where € < €., -

> wnh =

5. Calculate the required section modulus for
the steel plate.

6. Using d from step 4. calculate b (width of
plate).

7. Choose final steel plate based on available
sizes and check total capacity of the beam.

University of Michigan, TCAUP
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Design Example: ok RRATNL

. )
Ll ¢ oerr e 1 ¢l
svael PLATE

- -

[ © , 4

l o.*/ 2 4t l T|3.Z‘< 24 13.2%
I

wWooD ! E T 2000 kS,| a2 LS KRS\
Steel: E v 30000Ks. al? 1B KS

(A DETMWNR TRE DIMEGISIONS oF THE sTéel

2x12'
PLATe RERAVRED For NGLNTWE MoMeNT, ;uu_
(D\MS\ON
(R DETEVMINE WG LeNOTA OF Tha AATWS REGVEED

FOZ NGLATWE AND pPoSITIVE MANMANT

1. Determine the required moment.
2. Find the moment capacity of the wood.
3.  Determine the required capacity for steel.

Mwoao = li, Sx
[,5 %51 93 = 144 <7

13}

Weoen =12 K-/
e Ao a”
b ? .
Sz %:‘ = Z((':HB = 43;} Mrone * Hwooo *r’(smu_ & 3GK :
X2 pm S,0° e .3 Marege = 3657~ 12" = 24 %!
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Design Example cont:
4. Based on strain compatibility with AllowABLe. SRS
wood, find the largest d for steel €, = fr: . 1% L oleoor5
Where €s S €aIIowabIe. c. - £ 210800 e
ST E T Zooe0
STRAIS  DIACRAM
— 0.0007%5
, L ©.0c00 O
6 X
CNA_

a( 4TeeL OUATE ¢ 16"
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Design Example cont:

5. Calculate the required section modulus for
the steel plate.

6. Using d from step 4. calculate b (width of
plate).

7. Choose final steel plate based on available
sizes and check total capacity of the beam.

SteeL
Meree, = 24" = 2805
For = 18 K5 (dven)

. M ; 2588 ; 3

Sx=F et e
Steel AT

.3 i

Do Regp = 167 7

b= Sxl 16l | g
7 W

s
Lo g
Rovwn To /5 = [ 2 (stFe)

o
NS SRt o
QI b} ”X /é
..36'(-1 Kl ﬁ?l’:’ qw‘;
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Design Example cont:
FLAte. Lena
2 6 -4
8.  Determine required length and location of 24 '&‘~l '
plate. SER APEA = 24
432-24= 9.2
T&-
\V x .
2 ¢
bd_ 1a.e
-6 >
[X
% (7 %), 190
M .
7. _ 4
-12\1 (XZ 2 & ?(3"18
47( = lz’?( = 4
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Applications:

Renovation in Edina, Minnesota
Four 2x8 LVLs, with two 1/2" steel
plates. 18 FT span
Original house from 1949
Renovation in 2006
Engineer: Paul Voigt

© Todd Buelow used with permission
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Applications:

Renovation

Chris Withers House, Reading, UK 2007
Architect: Chris Owens, Owens Galliver
Engineer: Allan Barnes

© Chris Withers used with permission
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Steel Sandwiched Beams

Also based on strain compatibility
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Wood — Concrete Composites

For Slabs or Slabs + Beams

(@) (b) (©
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Wood — Concrete Composites

For Slabs or Slabs + Beams

Reinforcement
as required
- —— = —— Concrete
% ® / Remf:rced Concrete Slab  « e
T e e
Slots cut into
wood to develop
longitudinal shear
Planking
Connector
Wood Beams Wood ———
(Timber, Glulam)

Fig. 1. Traditional wood—concrete composite T-beam deck (adapted
from Clouston and Schreyer 2006)
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LOAD

Wood — Concrete Composites

Comparison of connectors

from: Yeoh, David, et al., State of the Art on Timber-
Concrete Composite Structures: Literature Review,
Journal fo Structureal Engineering, ASCE Oct 2011

Glued connection

Long notch with dowel

Short notch with dowel

Round notch with dowel

Long notch without dowel Metal plates

Dowel type connectors

RELATIVE SLIP

Notches 150mm long, 50

¢ Nailplate 333-hm
reinforced with lag serew

T
long, 1 mm thick i S Slotted in wood 15y

Fig. 1. Comparisons of different categories of connection systems

Axially prestressed
steel connector
190 mm long

6-10 mm diameter

it :i?v;'ﬁmslizear key/anchor
150 mm longi25 mm deep
12.5 mm diameter

45° screws with

steel sheet |

(h) g 45° crosswise
glued-in rebars
20 mm diameter

Steel tube
shear
i connector §
connector 160 with screw
- mm long 75 20 mm
In mould wide diameter

|

‘ After slab assembly

Fig. 2. Different connection systems: (a), (b), and (d) reprinted from Yeoh (2010): (¢) reprinted from Gutkowski et al. (2004, ASCE): (e) reprinted
from Clouston et al. (2005, ASCE): (f) Fig. 4: Axial prestressed steel connector, reprinted from Capozucca (1998) with permission from RILEM:
(g) Fig. 1: “Tecnaria” connector, reprinted from Fragiacomo et al. (2007a) with permission from RILEM: (h) reprinted from Steinberg et al. (2003,
ASCE); (i) reprinted from Kuhlmann and Aldi (2008) with permission from author; (j) and (k) Fig. 9: Steel plate shear connector SP+N and Fig. 7:
Steel tube shear connector SST+S, reprinted from Lukaszewska et al. (2008) with permission from RILEM

University of Michigan, TCAUP Structures || Slide 32 of 32




