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Th\ls thesis presents the results of twenty one tests of precast concrete

-

connectlons incorporating embedded structural steel members.

axial load concrete cover, presence of addltlonal remforcement shape of

2

The effects of

&

v embedded member and type of loadmg on the behavm}xr of the connection were

stu ied. A rational analyncil model was developed based on equlllbnum

and strain compatlblllty Based on Gﬁe analytical model which was developed

and on the experimental results, a design method was formulated.' This design

s

a ' 4 .
method is compa.red. with the design approach adopted in the second edition

S,

of the Prestressed Concrete Institute Desxgn Handbook.
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. Les résultats de vingt-et-un es\sa‘ls d‘assemblages pré abr1qués de

beton avec des profilés d'acier de charpente sont présen S. /Les effets de
/$ N
. la charge axiale, du recouvrement de béton, de la présenc d'arma ture

supplémentaire, du prof1‘1\ du membre encastré et du type de .charge sur Te
comportement de 1 assemblage sont etudiés. Un moddle ana1y¥ique rationnel,
fut mis au point, basé sur les cond‘ltions d' équﬂitgre stat1que et de
compatibilité des déformations proport‘ionnelles.

Une méthode de' caléul basée sur ce modale ains’;‘ que sur les
résultats expérimentaux fut/ développée., Cette méthode est comparée avec

celle utilisée dans 15 seconde &dition'du manuel de calcul du Prestressed

© ' \
Concrete Institute.
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( CHAPTER 1 INTRODUCTION
. . l \ - L]
\\\ 1.1 The Advantages of Embedded Steel Members in Precast Connections
h Embedded structural steel shapes have been popular for many years 4s
connectors in precast concrete construction. The advantages of this type'of
~.connection over other precast connections has encouraged its use in precast
panel connections and in beam to column connections as shown in Fig. 1.1.
Connections made by embedded structural steel members in concrete have
¢ the following advantages over ofther types of precast connections:
1} ' the connection strength does not depend on welding and
is therefore more reliable than some other types of
, confiections. '
5, ' R
', 2] the connection is simple, requiring no,-special formwork
’ c or reinforcing cages
: ‘ 3] " -the simplicity of the connection makes it more economical
, ‘than other types of connections.
v , 4] the connection can be easily designed to attain the ful}’
: ) strength of the embedded steel member which results in
e B
f‘ !
_ larger ductilities ‘
‘ and 5] the strength of thesg connections is not as semnsitive to

/

¢ y

construction errors. '

v

Due to the increasing popularity of this type of ecast connection -
of

] (t'/

there is a need for a rational design method based on an understanding

v

c the bellaviour of these comnections. ' ..

Rt

S
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' an experimental mvestlgatl,on of the behaviour of these types of connections.

_steel member and:a depth equal to one third of the epbedment‘ length; % e o

1.2 Backgzo?nd . . - v )

Currently there is little information on the behaviour of precast

connections' incorporating embedded structural steel members. The strength

of these connections depends on the width ogf the structural steelumembei',
the embedment length of the ste.el.‘memlfe‘r, the concrete strength and the

ejcce‘ntricity of the applied load.
¢

Until recently the most widely used method of designing these connections

'

was that presented in the Prestressed Concrete Institute's (PCI)" Design

Handbook 1. This design method was extended by Raths(®) to include the «

effects of additional reinforcement welded to the steel member. The Second 1 R I

AN

" Edition of the PCI Design Hapdboékcs) includes equations for the design of N

these connections with and without addltlonal welded relnforcement. oL
4
Although somg precast :':oncrete fabncators have performed tests on /
G
these types of connectibns the results are nqt generally available. : In view

of the absence of experimental éyidence in the llteratm;e there-is a need for

4 l/‘ﬂ

1.3 PCI Design Method

A ' t

1.3.1 Embedded Connections Protruding fram One Side

The PCI method is based on a number of simplifying assumptions which

_ are meant to conservatively approximate the complex bearing conditions occuring N

at ultimate (see Fig, 1.2). The compressive stress block on the front face

at ultimate is assumed to have a width, B, equal to the wiéth of the embedded

The stress block has a uniform stress of 0.85 f' and the conpressive strain

'

at ﬂ:e front face is assumed to be 0.003.

oS U e m————cee e s
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The resultant compressive force, Cb, at the back aof the embedded
}-
mgnber is assumed to be located at 11/12 9’e from the front face of the

column.

The stress resultant, Cf, on the front face is given by:

Ce = 0.85 fé b ﬂ.e/S (1.1)
where fé =(€'ompressive strength of concrete
. b =aWidth of st;ucmral steel member
%, = embedment length of structural steel member -
Takiné moments about Cb gives:

<

. S : )
v, Qll/lz 2) = C; (374 &) ; ‘ 1.2)

where V_ = naminal capacity of the connection

a = eccentricity of the load from the face of the column

5. 3c, o -
thereforg: Vc = TET T 3 a7k - (1.3)
| e p
Substitution for Cf gives s g h
0 \) '
Y/ 0.85 £f'b 2 ’
Vs ot 8 (1.4)
c 367 +4 a7ze , N

Equation 1.4 is the PCI ultimate capacity of the connection when failure

N . ) )
takes place in the concrete.

i

1.3.2 Embedded Connections Protruding from Two. Sides

. For situations where bem_:;”:”frame into both sides.of a colummn, a

~. B . N “ ‘,.

W .
connection as shown in Fig. 1.3 may be used. The assumption of an equivalent

— P

ss block over a distance of 29/3 from each fice of the column

leads to the following PCI design equation: . . v

o

V, = 0.85 £1 b 2/3 o (1.5)

where Vn is the strength on eech side of the steel member as governed by

L]

.
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the cagacity of the’ concrete.

1.3.3 Embedded Connections with AAditionai Welded Reinforcement

Raths®) has extended the PCI Design Method to include the effects
of addition;u welded reinforcement on the s\trength of embedded connections
which protrude from one side o?:ly Figure l.é illustrates Raths assmptions
iof the strain distribution at failure in a connection containing additional
welded reinforcement. Raths assumes a linear strain distribution with
‘amaximm strain of 0.003’ at the front face of trgcolm and zero strain
at a distance ofv 2e/} ,f}'(o;n sthe front face. The additional reinforcanent is
welded to the ‘st;xcmral éieel member and is assumed to act at the locations
of C. and Cy. ‘ ' .

Taking moments about Cb and assuming that the steel yields gives:

vg’ (@ + 11/12 2.) = AJ £ (3/4 %) (1.6)
whe;re As = ar;a of additional welded reinforcement at the front of the
g swél me;ber
f’y = yield stress of reinforcement
"Vr = additional capacity of the conmection due to the reinforcement
Therefore:

SASf

|
Ve 3T +l‘74 3, , .7)

- which is the PCI design equation for the additional capacity i‘ a.connection

¢

due to the welded reinforcement.

—~

Assuming the steel near the back of the column yields, equilibrium

!

U
of vergical forces gives:

- L
VoA E -AL £ L .8)

*ﬁi,»,
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5.
R

B

where Ag is the area of the additional reinforcement at the rear of the

connection. f

Substituting Equation 1.7 for Vr in Equation 1.8 and rearranging terms

results in . |
1}

H % 1Za+21
{ A':[ €
‘ s

] A

I7a + 11 L (1.9)

s - o

Equation 1.9 gives the required area of rei_nforciné steel near the back

S'ﬂ
S

of the steel member.

‘}.3.4 Comments on the PCI Design Method
There are a number of assumptions used in the PCI Design Method which

appear to be inconsistent. The neutral axis depth of the assumed strain

* distribution coincides with the depth of the equivalent rectanguar stress

*blotk. This is inconsistent with the well known flexural theory for reinforced

A,

coﬁ%rete. The PCI Design Method assumes a constant depth of Ze/S for both |
the strain distribution and the equivalent rectangular stress distribution.
This depth/should not be constant but should vary with the eccentricity of

the applie‘d load and with the area of additional reinforcemefft. Equilibrium

conditions are violated since the strain distribution is not chosen to ensure

that:

' \ ' i
Cp -Gy =V, : 3 (1.10)

1.4 Objectives of the Research Program \ , ‘

An experimental investigation of precast connections incorporating
embedded steel members is needed in order to develop a rational understanding

of the behavidur. The main objective of the experimental program is to develop

a rational analytical model of the behaviour.of these types of connections

N
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on which a design procedure could be based. The experimental p}?ogram enabl ed

a study of the effects of the following variables: -

J

1] the. axial load on

a) pure moment

. ,
2] - the concrete cover

g.
e
8
3
rt

b) -embedded member protruding-from: one side ‘6f cqlt';mn.

¢) embedded member protruding from opposite sides of columm.

¢
- 4

-~ >

A ’ s




-
Ve Mg ewn L LR % - T e i el e -
; B
) 5
. A
SO}
. o
‘ .y .
vt “%_p , '
; -
— s
-
LY
M
RS
N . -
“
= .

. « -
3
B
~
l‘r!t . r
.
- - .é{.f .
i
— A
«
2 * ’
x
Bl
1
.
> ad
&
- ’
L
v, 4
i(,'_ - L7 3
PO -
* . - hacH
¢
N »

structural steel members

]

¥ -‘ )
-
-
. D\S"
. oM

A \
e mmaltTR Y wKa T e L e e

PRI -
Al
\
I
‘ﬁ !
N
e
N
A
\\
v
@
<
- / e
7
S
s
e
g
! - .
3 Co
s
. -
~
~
"
. s
/‘ =y
-
v

o~

S . Bigure 1.1 Typical wall panel and beam to column connections: incorporating ‘embedded . -




oyt

B A SEL S

g vm

S Aot s e st

o

) ,
H ¢ . 8
’ \ » -»' .
> .
. }f .
- ’ \
}.‘—- q—-p}——-—- . . ! .
, I 1
| | sle | -
- ! I % ‘:Y-_\K_ \ b
- ° l ‘4“ : VC ' \alr-‘
- 2 l ’ x
! LA r]‘ a a - -
TDI\ ! 7
¢ : \
»
\ 0.85 fe
07
=3 ‘ X
.':i ¢ f
{r’ -
- 1 , ’
- \
ef
.l
Figure 1.2 PCI stress distribution for steel members protruding
from one side only ’
‘ !
s . a ”
‘ ‘r f - L ’
- Tv ‘ r ‘ : /
- . ~ . i |

‘
T TR T




oAl

L e R I

N - \
A
.
\ -
I, .
s
. fo
- . —
o -
v “r -
F . o>
"
.
R
“a !
i
;
“-
5 -

) . Figure 1.3 PCI stress distribution for steel members protruding-
. \ from two sides




=]

.
(l
i
g
e
s
/
¢
i
AT
v
A

Figure 1.4 PCI

i
N , o
- i
i \ '

/ .i/,.rg
,\

" 1

M e

|

| \

! u, I

: 12 % ! l .

., - Ls ‘
.-d ' ety V
| 0Ag £
: 1 ) Ag9
7
- 1.-
- “‘
3
|

strain distribution in a connection containing
additional reinforcement

10




PO )

SR oNr NN

“cmmkxz EXPERIMENTAL PROGRAMME

-
©

| i

-

Three different series cbniprising ' total of twenty-one embedded

H
member column connections were tested. The concrete strength, the embedment

ke

length of the steel mqnbiéi'“; the .eccentricity of the applied load, the

specimen dimensions, the type of embedded member and the failure loads are

!
4

given in Table 2.1. / /

The four embéddZd member column connections, specimens Cl to'C4, of

i

2.1 Series I , |

the first series were used as pilot tésts to identify the modes of ‘failure
of the connections and to refine the testing procedure. All four specimens
incorporated 4 in. x 4 in. x 0.250 in. (102 mm x 102 mm x 6 mm) hollow
structural l}\embgrs protruding from only one side of the column and \had embedment
lengths of 6 in. (152 mm). Each column was reinforced with four #4 bars and
econtained #3 ties at 3 inches (';6 mm) center to center. The four specimens
in this series are described in Fig. 2.1 and in Table 2.1.
Specimens Cl, C2, C3 and C4 were tested under axial loadg of 1 k}p
(4.45 kN), 30 kips (133.4 kN), 60 kips (266.9 kN) and 90 kips (400.3 kN)
respectively. | ) '
The embedded holkow structural steel member for specimen Cl was
blocked“ at. its embedded end such that concrete did not enter the hollow tube.
The test results of specimen Cf indicated excessive local bending of the thin
walled hollow .\-:tructural section due to kconcrete t;;aring. In order to alleviate
this ‘difficulty the embedded hlol\low structural steel members for specimens

€2, C3 and C4 were filled with concrete along their embedment lengths.

-~

- t
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2.2 Series 11 ' !

A series, of thirteen embedded member precast column connections were ©
tested. Each column contained four #4 longitudinal bars and #3 column ties '

< [y

at 3 inches (76 mm) center to center.

2.2.1 Specimens L'nger Axial Load
" Five speci.men; (SC1, SC2, SC3, SC4 and SC5) were tested with

varying degrees of anéial load. All specimens incorporated 4 in. x 6 in. x

‘0.375 in. (102 mm x 152 mm x 10 mm) hollow‘structm'al members protruding from

one side of the column with an e;:bedment ie;xgth of 7 inches (178 mm) as shown

in Fig. 2.2. \

Specimen SCl1 was tested under pure axial load. Si:ecimens sCz, SC3,

SC4 and SC5 were tested under axial loads of 240 kips(1068 kN), 160 kips(712 kN), '

"”_‘80 kips/(356 kN) and zero axial load respectively. The purpose of these

tests_ was to determine the interaction between the axial load on the column

X \
and the capacity of the connection.

Y ' . . g s
5%,

W a

2.2.2 Specimens with Embeddgd Memb“,ers Having Different Cross;—Section Shapes
Specimen SC6 incorpofated a 6 in. x 6 if. (152 mm x 152 mm) wide flanged
steel m:;ﬁb’ecg with a weight of 25 1b/£t (37 kg/m) which was modi fied by cutting
the flanges such that the flange width was reduced to 4 inches (102 mm). This
specimeﬁ served as a companion to si)ecinen SCS and was chosen such that the
widths of the embedded structural members were identical and their moments of

inertia were comparable., The purpose of this test was to study the effect of

sixape of the embedded steel member on thé response.

M | ’ \
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2./2.3 Specimens with Additional Welded Reinforcement
) Two specimens, SC7 and SC8 were identical to SC5 except for .the .
addition of eight #3 bars welded to the 6 mU x 4 in. x 0.375 in).f‘;[*lsz mm X
102 tm™x ‘10 ‘x’mr)ﬂ hollow structural member as shown in Fig. 2.3. The purpose

of these two tests was to study the effects of additional welded reinforcement

on the response of the copnections., . , ‘

4
7 i
¢

2.2.4 Specimens with Different Concrete Covers ,

e

Specimens SCS, sC9 and SC10 had the same column reinfzarcanent and
concrete strength but had different concrete covers as can be seen in Fig. 2.4.
The details of the column reinforcement are shown in Fig. 2.2,

, {
Specimens SC5 and SC10 had clear];cencrete covers of 1/2 in (13 mm) . e
. I3 ‘ N © ) .
and 1 1/2 in €38 mm) respectively. Specimen SC9 had zero concrete cover.

t

The embedded steel member was placed in the same position relative to the
N ’ o ‘ A

reinforcifg cage for each spec,im;n. The purpose of these tests was.to study

the effect of concrete cover on the response of the connections. 3

.

|
| |
2.2.5 Specimens with Embedded Members Prétruding from Two, Sides o b ’

Three specimens wer’e tested with embedded steel members paSsing throughc ' ‘f
the column and protruding from each six’ie. .Specimen SC11 contained a 6‘in. X . | ’
4 in. x 0.375 in (152 mm x 102 mn x 10 mm) hollow structural steel member ‘ |
and was tested with a 4 in. (ioﬁ ma) eccentricity from each column face.

Speéimen SCIZ 1ncorporated a wide flanged steel member which had the same

P -

properties as the one used in specimen SC6. Specimen SC13 was identical to

speuimen SC11. , The purpose of these tests was to swdy the behaviouwr of

1 . \\!

precast connections with embedded steel members protruding from two su}es of

s ‘l $ -
the column.
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2.3 Series III ' [ °

“

-

The third series comprised a total of four specimens, TC1, TC2, TC3

and TC4. The first three specimens incérporated 4 in. x 4 in. (102 mm X ,
h <1

e

102 m)/ solid steel members while specimen TC4 used a 6 in. x 4 in. x 0.375 in.

(152 mm x 102 mm x 10 mm) hollow structural steel member with the same properties

&
3

as the members in Series II.
Specimen TC1 was 16 in. (406 mm) wide and 8 in. .(203 mm) deep as shown

in Fig. 2.5. The column contained four #8 longitudinal reinforcing\’ bars in

order to prevent flexural failure in the column and also contained #3 ties

at 3 in. (76 mm) center to center. The column was built twice as wide as

>

the columns of Series II in order to isolate the embedded steel member from

" the longitudinal reinforcement. In addition, the hwide column and large column
| ,

flexural capacity together with a rigid émb,edded steel member provided conditions

- 1

thaﬁ wete favourable to spreading of the compressive load in the concrete.
"The purpose of‘ this test was to study the extent of load spreadiné under very
favm;.'able conditions. ) ‘ CF

@ In each of specimens TC2 and: TC3 two styrofoam blocks 8 in. x 8 in.

x 2 in. (203 mm x 203 mm x 51 mm) were cast in the .column adjacent to "sz_he
‘embedded steel member. This resulted in a reduced 4 in (102 m) width of

3 .
-

‘concrete above and below the embedded steel member as can bejseen in Fig. 2.6.

The purpose of these two specimens was to pevent load sprea.ding by limiting

the effective width of the concrete 1}) bearing. The known effective width

_together with uniform bearing provided by the rigid embedded member’produced
" idealized conditions suitable for the development of an analytical model. '
A3

ﬁoth of these specimens had four #5 longitudina/i i-einfo::,cing bars

" and #3 column ties at 3 in. (76 mn) center to center.’ ISpecimen TC2 had an

embedment le‘ngth of 7.25 in. (184 mm) with the embedded ieuber protruding from

i

07ne side o'nly.:

»»»»»
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" varied from 15 days to 33 days.
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The solid steel member in ‘specimen :I'CS passed ﬁrmgh the column and
protruded fram both sides giving an embedment length of 8 in. (203 mm). This
specimen was tested under pare moment as ‘shown in Fig. 2.7. The purpose of
this'testd;vas to study the behaviour of the connection under the simpler
loading co'nggltio'ns/o,f puTe u;oment in which the strain distributions and the

v

effective;wjdth are both known. - L.
. -

" Specimm TC4 contained a 6 m x 4 in.x 0.375 in(152 mm x 102 mm x 10 m)
’holzlow stru%mral steel member protrudlng from both sides of the column and

was therefore similar to specimens SC11 and SC13 of Series II. The specimen

was tested under pure moment in order to study the effect of spreading under

this simpler loading condition. The colump reinforcement for this_specimen

was identical to-the reinforcement used in specimens TC2 and TC3.

£

2.4 Material Properties

2.4.1 Concrete Properties ‘ %
3 .
The concrete compressive strength for each specimen is given in Table

% .
2.1. In all three series the concrete compressive strength was determined at

the:time of testing of the connections.

2.4.1.1. Series I

.
7

. Since each of the specimens was cast separately and since the concrete
mix proportions were modified between castings a large variation in concrete
properltis was observed for this pilot test series. Four 6 in. x 12 in.

(152 mm x 305 mm) tesff cylinders were used for each test specimgn and the
average concrete compress/ive strength of specimens C1, €2, C3 and C4 was

4800 psi (33.1 MPa), 3900 psi (26.9 M\f’a), 5200 psi (35.8 MPa) and 5800 psi

(40.0 MPa) respectively. The age of the specimens at the time of testihg
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(' 2.4.1.2 Series 11 .

All thirteen spedimens were cast together in order to minimize
 the variation in concrete properties. In all, fourteen 6 in. x 1% in.

= * (152 mm x 305 mﬁ) concrete cyli‘nders were tested. The average cochrete

compressive strength was 4520.psi (31.3 MPa). A concrete compressive
strength of 4500 psi (31.0 MRa) will be used in all strength calculations

- % )
for this series. The age of the test specimens varied from 16 days to

- 20 days. . 2

2.4.1.31 Series III

A1]1 four spec{mens were cast together in order to minimize the
variation in_concrete properties. In all four, 6 in. x 12 in., (152 mm x
305 mm) concrete cylinders were tested. The average concrete compressive
. strength at the ;};‘me of testing was 3400 psi (23.4 MPa) for this series.

(: \ The age of the specmens at the time of testing was 30 days to 32 days.
!

v .
e o

v
- \ 3

2.4.2 Reinforcing Sfeel . |

&

,
o ¥

The properties of the reinforcing bars used in “these experiments .

are shown in Table 2.2.
I - 1

2.4.3 Embedded Structural Steel Members

° ' The minimm specified yield strengths for the hollow structural

- sections, the square solid steel sections and the wide flange sections were
\ 50 ksi (345 MPa), 47 ksi (324 MPa) and 44 ksi (303 MPa) respect/t/vely. -

»

\ “

v .
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BAR SIZE
DESIGNATION

#6

#8

.

wi

in.

0.375
0.500
0.625

1.000

TABLE 2.2

PROPERTIES OF REINFORCING BARS

b4

DIAMETER

9.5
12.7
15.9

25.4

. 2
.in

0.11

0.20

0.31

©0.79

AREA

71

127
»

" 198

507

YIELD STRENGTH
ksi MPa
73.0 503
48.9 357
60.3 416
59.5 a0
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2.5 Test Set-Up ///

2.5.1 Series I

The ﬁest setiuﬁ for éhe specimens of Series I is shown in Fig. 2.8.
The axial 1lcad was‘;pplied using a 100 ton (890 kN) capacity hydraulic
loading ram. The shear in the connection was applied by a 30 ton (267 kN)
capacity loading ram aéting through a iOO kip (44'5 kN) capacity loaﬁil cell.
The ends of the columns were braced against lateral movement with two ﬁairs

of 3/4 in . (19 um) diameter tie rods and freedom of rotation of the ends

was obtained through the use of two ball joints. - b

2.5.2 Series II and Series III
2.5.2,1 Fmbgdded Members Protruding from One Side

The test set-up for specimens with embedded members protruding from

one side only is shown in Fig. 2.8. The axial load was applied through the
-héad of a 400 kip (1780 kN) capacity Baldwin Universal Testing Machine. The
]

shear in the connection was applied using a 100 ton (890 kN) capa’@ity hyé;;;
.~ Vs -

loading ram acting through a 100 kip (445 kN) capacity load cell. The ends
of each column were braced against lateral moveneni:.by two pairs of 3/4 in.
(19 mm) diameter tie rods and ball joints were placed at the top and bottom of

the célumn to allow \rotation of the ends. _ -

»

2.5.2.2 Embedded Members Prdtmding from Two Sides

The test set-up for specimens with embedded members protruding from
opposite sides of a column is shown in Fig. 2.9. The-load was applied to the
column through a ball joint by the Ba’ldw:.n Universal Testing Machme and the

load was reacted through two rollers placed under the embedded sn'uctural
3

steel nember.




_ rams at eccentric(ities of 4 in. (102 mm) from the column face. The column

~

2.5.2.3 Pure Moment Tests

20

Specimens TC3 and TC4 were tested under pure moment as shown in

Fig. 2.7. Equal and opposite forces were applied to the two arms of the

_embedded steel member by two 30 ton (267 kN) capacity hydraulic loading

" was braced against lateral motion at the ends by two pairs of 3/4 in.

(19 mm) diameter tie rods.
(k.

~

8 ke Ja o e B

L ddsok

2.6 Instrumentation

The axial load in the cglumns of Series I was monitored by a pressure
gauge in the hydraulic system. The axial load in the columns of Series II
and Series III was monitored by the load cell|in fhe Baldwin Universal Testing

Machine. . The load 1n the connection was monitored by a load cell and also

by'a pressure gange~ ig the pydraulic system. The deflection of the embedded

! .

steel member relative to‘ the columin at the point of application of the load
was measured by a dial gauge to the nearest 0.001 inches (0.025 mm).
Concrete strain measurements were taken in the region of Béaring of the
embedded steel member in order to determine the maximum strain on tl;e surface
und the strain distribution across the width of the connection. Reinforcing
b,ar strain measuremeﬁtg were taken to determine the maximum steel stra'in at
failure. The concrete strains were measured with 20 mm gauge length electrical °

i

. resistance strain gauges. The strains in the reinforcing bars were measured

using 1% mn gauge lengt‘h‘ electrical resistance strain gaugesz7 The positions
gf the ft?rain gauges for specirxl:;ggn Cl are shm;n in Fi;. 2.10. The positions
of the strain gauges for specimens C2, C3, C4, TC4 and all the specimens of
JSar/ies I1 are shown in Fig. 2.11. The positio'ﬁ; of the “strain gauges in

s;)ecimen TC3 are shown in Fig. 2.12. Specimen TC2 had the same strain gauge

-

PO
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instrumentation as TC3. The additional strain ‘gauges in specimens TCZ
an:i TC3 through the depth of the connection above and below the embedded
steel member were used to determine the strain varia:ion in the concrete
along the length of the embedded member. “Sp:a;cimen TC1 had only one strain

gauge positioned on the surface of the concrete at 1.0 inches (25.4 mm)

above the center of the steel member.
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CHAPTER 3 BEHAVIOUR OF TEST SPECIMENS
The experimental results of all the specimens are given in the
tables of Appendix A. A summary of the significant behavioural observations
in the response of each specimen is given in Table 3.1. The shear, V, and
the defiection, 4, are listed in Table 3.1 for each specimen for the following

stages:

a] sepdr;tion of the bottom of the embedded steel member ) 1
from the cor;crete '
b] first appearance of the; inclined vertical c;ackiné’ on the
front face of the column at the upper edges of the steel
member .
c] first appearance of diagonal cracking on the sides of -~
the columns.
d] first yielding of the reinforcing bars of the column. J
e] observed spalling of the cc;ncrete at the front face of .

the columrmr directly above the embedded steel member: B

f] the ultimate capacity of the connection.

1

[

3.1 Series I

The four specimens of Series I (C1, C2, C3 and C4) contained 4 in. x
4 in. x 0.250 in. (102 mm x 102 mm x 6 mm) hollow structural steel members
and weré tested under axial loads of zero, 30 kips(133.4 kN), 60 kips(266.9

kN) and 90 kips(400.3 kN) respectively.
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SEPARATION
. v
SPECIMBN kips KN
SERIES 1
c1 65 29
c2 7.0 31
c3 10,0 45
ce 10.0 4S
SERIES 11
N o 26.8 93
SC3 =55.0 6
SC4 7.1 21
SCs 11.8 S3
5Ce 19.6 88
sC7 23.6 106
scs- . 17,7 79
sC9 7.9 3%
§8C10 19.6. 88
sc1i 28.0 128
sC12 40.0 179
SC13 40.0 179
SERIES IIT
< 17.7 719
. 02 65 P
3 $.2 23
4 5.2 23

INCLINED VERTICAL CRACKING CRACKING IN SIDES
v

in, wm  kips
002 0.5 9.0
002 0.15 27.0
002 0.15 30.0
010 0,25 4.0
.01k 0.28 48.0
027 0.69 62.8
019 0.48 55.0
008 0.13 17.7
011  0.28 S$1.0
013 0.33 39.3
.008 0.20 39.3
004 0,10 31.4
006 0.15 31.4
.001  0.03 130.0
.035  0.39 140.0
.018  0.46 110.0
.012  0.30 29.4
027 0.8 -

027 0.69 -

013 0.33 20.8

TABLE 5.}

kN

.

in, mm
.006 IS
.022 .56
L0285 .58
L104 2,64
.030 .76
.03 .89
A%6 .91
012 .30
.066 1.68
028 .71
.02¢ .61
.03 .89
014 36
.051 1.30
L3113 2.87
.082 1.07
026 .66

_—
111 2.8

kips

1
29
30.
46

-
WU URA=AOa
lﬂnnlnﬂaﬂiub
OB UmIrEO

-
“
(-]
(-]

130.0

kN

in.

.009
.029
.023
.078

.030
.083
015
.029

.020

006

014

.050
.012

.041

SIGNIF ICANT BEHAVIOURAL OBSERVATIONS

.23
74
.58
1.98

767

Pt

1.83
1.42

1.27
.30

1.04

YIBLDING IN BARS

kips

NN O M

N

299
228
266
352
374
194

A
in

.

N3
02§
110
.100
.199
187

.079

2.79
5.05

2.01

kips

SPALLING OF
v
kN

70
148
166
240

233
299
281
185
264
290

194
229
672
717
806

23
140

116

.023
.138

. N bt s D e e
— o -~y i o -]
SoS 885325082

N -

el oKt
-~
8338

ULTIMATE CAPACITY

kips

~ 0
ow

2Eng

~ e
- Onh
NONWW
N
COMMmNNOYOOIn

N
™
o
Q

v

- kN

125
184
202
240

250
317
299
246
273

374
220
281
986
950
941

264
145

78
116

in.

.032
.230
400
.200

.072
.089
a1
.152
131
138
199
157
.089
230
1.150
.2s50

.193
.141
.230
.198

]
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(‘ 3.1.1 Specimen Cl - zero axial load test -
The load deflection response and a photograph of specimen Cl after
- failure are shown in Fig. 3.1. The load deflection\purve remained linear
up to a load of 6.5 kips (28.9 kN) or; ;}re connection. At this point the
bottom of the embedded steel member sep;rated from the concrete below it.
At a load of 9.0 kips(40.0 kN) and a déflection of 0.006 inches (0.15 mm)
inclined vertical cracks appeared at the two top corners of the embedded
hollow steel member. As the load increased these cracks widened and extended
towdrds the edges of the column. Diagonal cracks appeared in the sides of

the column in the region of the connection when a load of 10.4 kips(46:3 kN)

)
was reached. At a load of 19.5 kips(86.7 kN) inclined vertical cracks

A pw o ey

appeared at the back of the column just below the connection. The concrete-

.1t

cover on the front face of the column just above the embedded steel member

(! began spalling at a load of 15.6 kips(69.4 kN) and a deflection of 0‘.023 in,
(0.58 mm). This was confirmed by the sudden drop in concrete strain after
reaching a maximum measured strain of 0.0029 on the front face of the connection.

At this load bending of the top wall of the hollow structural member was

A mtma A Y g e YR ¥

observed. This localized bending was due to the bearing of the concrete

against the thin wall of the steel member. At a load of 22.75 kips(101.2 kN) |

crushing of the concrete above the corners of the embeddéd steel member was

apparent. From that point on, the load deflection turve is relatively flat |

with the maximum load of 27.8 kips(123.6 kN) being attained at a deflection |

of 0.32 in (8.13 mm).

5

Concrete strain measurements on gauges 1 to 5 indicate that after the

onset of inclined vertical cracking the largest strains occur above the °
vertical walls of the steel member with smaller strains towards the center of
R i ’
the thin walled hollow section and very small strains at the edges of the
o | .

column. In subsequent tests it was dez:ided to fill the steel member with

[ R 5 .
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concrete in order to provide a more uniform bearing surface. There was

37

no yielding of the reinforcing bars of the column. J -

. \
3.1.2 Specimen C2 - constant axial load of°30 kips (133 kN) :

The load deflection curve and a photograph of specimen CZ at failure

e )

are shown in Fig. 3.2. The first sign of distress in this specimen was the

appearance of a separation crack between the concrete and the bottom of the
embedded steel member at a load of 7 kips(31.1 kN) e;nd a deflection of 0.002
in (0.05 mm). The load deflection curve indicates a decrease in stiffness of
the connection at this point. 'I‘he’load deflec;:ion curve remained essentially
linear up to a load of 27.0 kips(120.1 kN) and a deflection of 0.022 in.
(0.56 mm) at which point inclined vertical cracks appeared in the cdoncre.te
face at the two upper corners of the embedded holl;)w steel member.. From ‘tf'lis
point on the stiffness of the connection gradually decreased.

Diagonal cracks on the sides of the column appeared at a load of 29.0

kips(129.0 kN). At a load of 33.0 kips(146.8 kN) and a concrete strain of

0.0032 the concrete cover at the front face began to spall. The ultimate

load was 41.4 kips(184 kN) at a deflection of 0.239 inches (5.83 mm). There
was no measured yielding of the reinforcing bars of the column. |
3.1.3 Specimen C3 - constant axial load of 60 kips (267 kN)

| ,The load deflection curve and a photograph of specimen C3 at failure

[}

are shown in Fig. 3.3. Separation of the bottom of the embedded hollow steel

member from the concrete occured at a load of 10.0 kips(44.5 kN) &nd a
deflection of 0.002 in. (0.05 mm). The inclined vertical cracks :n"t: the top
corners of the embedded steel member appeared at a lémd on 30.0 kips(133.4 kN)

and a deflection of 0.023 in. (0.58 mm). The diagonal cracks on the sides
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( of the columh also appeared at this load. .
The concrete cover on the face of the column above the embedded o

steel member began to spallroff at a load of 37.0 kips(164.6 kN) and a

concrete strain 0.0029. At a load of 44.1 kips(196.2 kN) crushing of the

concrete on the back of the column just below the embedded steel member

was observed. At this point the sides of the hollow steel member showed

signs of local buckling &ue to the large shear force. The ultimate load°
of 45.0 kips(200.2 kN) occurred at a deflection of 0.400 in. (10.16 mm).

There was no yielding of the reinforeing steel in the column.

3.1.4 Specimen C4 - constant axial load of 90 kips (400 kN)
The load-deflection curve and a photograph of specimen C4 at failure
are shown in Fig. 3.4. Separation of the bottom of the embedded steel member
(' from the concrete occurred at a load of 10.0 kips(44.5 kN) and a deflection
of 0.010 in. (0.25 mm). Diagonal cracks appeared on the sides of the column

at a load of 46.8 kips(208.2 kN). The inclined vertical cracks at the

!

corners of the embedded steel member appeared at a load of 48.0 kips(213.5 kN)

i

\ and a deflection of 0.104 in. (2.64 mm). ' \ }
The stiffness of the connection deteriorated very quickly beyond this éf‘
load stage. There were no signs of spalling or crushing until the ultimate

\ Yo .
load of 53.5 kips(238.0 kN) was reached. At this point extensive crushing

WE e o

ared on both the front and back faces of the column. The deflection at

<tk g g 15 sy
\

the po\int of ultimate load was 0.20 inches (5.08 mm). There was no yieliiing

of the reinforcing bars of the column. \

\
3.2 Series Il
G All the test specimens except SC6 and SC12 incorporated 6 in. x 4 in. x
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° -welded to the embedded steel member. Specimens SC9 and SC10 had concrete

- . 7\\\\
\ N K
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0.375 in. (152 mn x 102 mm x 10 mn) hollow structural steel members. .

Specimens SC6 and SC12 incorporated wide flanged members with the same

width and a comparable stiffness to that of the hollow structural steel«‘{\‘members.
Specimen SCl was tested under pure axial load. Specimens SC2, SC3, and SC4
were tested under axiél loads of 240 i(ips(106.7 kN), 160 kips(711.7 kN)

and 80 kips({355.8 kN) respectively. The other specimens were tested under

zero axial load. Specimens SC7 and SC8 were reinforced with four #3 bars .

covers of zero and 1 1/2 in. (38 mm) whereas the other specimens had 1/2 in.
(13 mn) covers. Specimms SC11, SC12, and SC13 had embedded steel members

which protruded from both sides of the column.

N
3.2.1 Specimen SC1 - Pure Axial Load Test S

] 4 . °
‘' The load deflection response for ‘this axially loaded member and a

Nphowgraph of speciment SC1 at failure are shown in Fig. 3.5. The shortening

" of the column was measured over a gauge length of 6 inches (152 m).  Failure

¢

cccurred in the bottom third) of the column at a load of 326.0 kip {1,45(] k%)

3

and a deflection of 0,017 _in.(0.43 mn)}. The column reinforcing steel in

—

+
the region of-the connection did not yield.
T T

!

iy \
3.2.2 Speciu\xen SC2 - Constant Axial Load of 240 kips (1068 kN)

The load deflection response and a photograph of specimen SC2 at
failure are shown in Fig. 3.6. Separation of the bottcn; of the embedded
steel member from the concrete occurred at a load of 20.8 k}p&(BZ.S kN) and
a deflection of 0.011 in.(0.28 mm). The inclined vertical cracks in the
concreéteé at the top corners of the embedded steel member ;nd the diagonal

cracks on the sides of|the column appeared at a ‘load of 48.0 Xips(213.5 kN).

r/

T




Spalling of the concrete co;rer began at a load of 51.9 kips(230.8 kN).
The maximum recorded strain on the front face of the column was 0.004.

The ultimate load of 55.8 kips(248.2 krﬁ was reached at a deflection
of 0.072 inc};es (i.83 mm). There as no measured yielding of the reinforcing

steel of the column. \
1Y

n

3.243 Specimen SC3 - Constant Axial Load of 160 kipS(Zl’Zr kN)

e} o,

o

The load defleé;ion response and a photograph of specimen SC3 at ‘failuré"“)
‘. are showq in Fig. 3.7. Separation of the bottom of the embedded steel
© membfsr fr.om the ﬂcbncrete did not occur until a load of 55.0 kips(244.6 kN).
At a load .of 62.3 kips (279.3 kN) inclined vertical cracks formed kin the
concre‘te at the top corners of the steel member and diagonal cracks formed

i

in the sides of the column. Spalling of thg concrete cover began at a load

3 . .
( J of 66.8 kips(297.1 kN) with the ultimate load of 70.7 kips(314.5 kN) being ~

. .
reached at a deflection of 0.089 inches (2.26J mn). The maximum strain on

| ’

the front face of the column was 0.0039. The column reinforcement did not

c

yield.

3.2.4 Specimen SC4 - Constant Axial Load of 80 kips(356 kN)

The load deflection response and a photograph of specimen SC4 at
failure are shown in Fig. 3.8. Separation of the bottom of the steel member
from the concreié occurred at a load of 47.1 kips(209.5 kN). At a load of
55.0 kips(244.6 kN). inclined vertical cracks appeared in t;xe cohcre;:e at the

‘\ top corners of the embedded steel member. The stiffness of the com‘nection
quickly decreased after this load stage. The concrete cover above the steel

member began to spall at a load of 62.8 kips(279.3 kN) and as strain of

O 0.0030., When the load reached 64.8 kips(288.2 kN) diagonal cracks formed
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in the sides of the column in the region of the embedded steel member.
-

;Yielding of the reinforcing steel in the column occurred at the ultimate .

load on the connection of 66.8 kips(297.1 kN). The deflection at thg

4 a

ultimate load was 0.111 inches (2.82 mm). ) T

<+

- 3.2.5 Specimen SC5 - Zero Axial Load Test ! \

Thea load deflection response and a photograph of specimen SCS5 at
fa:z.lzure are given in Fig. 3.9. Separation of the bottam of the steel
member from the concrete occurred at é load of 11.8 kips(52.5‘ kN) and a
deflection of 0.005 inches (0.13 ﬁm) - LInclinéd vertical cracks formed ,in
the congrete at the top‘corne‘::s of the steel member at a load 17.7 kips
(78.7 kN). Diagonal cracks appeared on the side of the column at a load
of 19.6 kips(87.2 kN). The Teinforcing steél in the column began yielding Cooe
at a load of 51.0 kips(226“.8 kN-). The concrete cover sPailed at a load of.
41.2 kips(183.2 k—N) and the ultimat;a load of 55.0 kips(244.6 kN) occurred
at a deflection of 0.152 inches ﬁ\(3.86 mn). The maximum récéfrded concrete

\ —
strain on .the column face was 0.0032. / - ,

. :

3.2.6 Specimen SC6 - Wide Flange Embedded Member

.

The load deflection curve and a photograph of specimen SC6 at

~ failure are shown in Figr. 3.10. Separation of the bottom of the oembedded
wide flange steel member from the concrete occurred at a load of 15.6 kips
(87.i kN). Inclined vertical cracks formed in -the concrete at the tip of

the bottom flange of thé steel member and diagonal cracks appeared in the

side of the column at a load of 35.0 kips(155.7 kN). - When the load reached
51.0 kips(226.8 kN) é\‘e;uned vertical cracks appeared in the concrete at
the tips of the top flange of the steel member. The longitudinal steel in '

the column yielded at a load of 59.3 kips (263.8 kN) on the connection.

-
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The concrete cover began to spall at a load of 58,9 kips(262.0 kN) & 'd/

as maximum strain of 0.0068. The ultimate load ofi 60.9 kips(270.9 kN)

- i
occurred at a deflection of 0.131 inches (3.33 mm). |
! i

>

3.2.7 Specimen SC7 - Member with Additional Welded Reinforcement \

The load deflection curve” and a photograph of \pecimen SC7 /aLt failure

«|are shown in Fig. 3.11. Separation of the bottom of the steel member from

the concrete. occurred at a load of 23.6 kips(105.0 kN).‘ The inclined \’rertical\
cracks on the face of the column’ at the top corners of the steel member
occurred at a load of 39.3 kips{174.8 kN) while the diagonal cracks on the sides
of the column appeared at a lload of 47.1 kips(209.5 kN). The concrete cover
si;alled at a load of 64.8 kips(285.2 kN) and a strain of 0.0035. The ultimate
load of 80.5 k£p5(358.1 kN) occurred at a deflection of 0.135 inches (3.43 mm).
The longitudinal reinforciné steel in the column yielded at a load of 78.6 kips
(349:6 kN). This specimen contained additional reinforcement welded to the

top. and bottom of the embedded steel member. The weld bétween one of the bars

_of additional reinforcement and the steel member failed at ultimate.

3.2.8 Specimen SC8 - Member with Additional Welded Reinforcement

The weld failure in specimen SC7 made it necessary to repeat the
'Itiest with this i&entiml specinen in ord r to confirn the test results.
i The load deflection cfn've and a photograph of specimen SC8 at fﬁilqre
iare shown in Fig. 3.12. Seﬁaration of the bottom of the embedded steel
_}member from the concrete occurred at & load of 17.7 kips (75.7 kN). Inclined |
Jvertical cracks in the column face at the ﬁop corners of the steel member
'appesred at a load of 39.3 Kips(174.8 kN) and diagomal cracks in the sides of

the colum forned at a load of 35.3 kips(157.0 kN). The concrete cover spalled
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at a load of 66.8 kips(297.‘1 k{g) and a strain of 0.0032. The ultimate

load of 83.5 kips(371.4 kN) occurred at a deflection of 0.199 inches (5.05 mm).

r
The longitudinal steel in the column yielded at ultimate. Specimen §C8 A
failed at a load which was 4% higher than "that of specimen SC7 and exlublted

a deflection at ultimate which was 47% larger. ’ (

:

. |

3.2.9 Specimen SC9 - Column with Zero Co\;érete Cover
The load éeflection curve and a pholtograph of s"pec‘imen SCY9 at failure

are shown in Fig. 3.13. Separation of the bottom of the embedded st"eel member

from the concrete occurred at a load of 7.9 kips(35.1 kN). The diagbnal

cracks on the sides of the column appeared at a; load of 11.8 kips(52.5 kN)

however, the inclined vertical cracks ,on the column face at the top corners

of the steel member did not form unt:.l a load of 31. 4 kips (139.7 kN) The

concrete cover on the face of the column spalled and the longitudinal steel

in the column yielded at a load of 43.2 kips’(_lsg.z kN): The ultimate load

of 49.17kip$(218.4 kN) occurred at a deflection of 0.157- inches (3.9 m).

The maximﬁm recorded strain on the front face of the column was 0.0064. "

3.2.10 Specimen SC10 - Column with 11/2 in. (38 mm) Concrete Cover

The load deflection curve and a photograph of specimen SC10 at

g failure are shown in Fig. 3.14. Separation of the bottom of the embedded

steel member from the concrete occurred at a load of 19.6 kips(87.2 kN). \
The inclined vertical cracks in the column facé at the corners of the steel
membsx and the diagonal cracks on (the sides of the colm both appeared at
a load of 31.4 kips(139.7 kN). The concrete cover on the column face spalled
at a load of 51.1 kips(227.9 kN) and a strain of 0.0027. The ultimate load
of 62.8 kips(279.3 kN) occurred at a deflection of 0.089 in. (2.26 mi. The
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longitudinal steel in the column did not reach the yield poiljl}'.;

¢
!

3.2.1]1 Specimen "SCII - Hollow Structural Section Protruding from Two Sides
The load deflection curve and a photograph of specimen SC1l at failure

are shown in Fig. 3.15. Separation of the bottam of the embedded steel

member from the concrete occurredat a load of 28.0 kip5(12§.4 kNN) on the

column. A horizontal crack formed in the column at- the centexrline of the

connection at a load of 125.0 kips(556.0 kN). Inclined vertical cracks "
appeared on both face\s of the column at the top corners of 'the embedded steel
member at a loéd of 130.0 kips(578.2 kN). The concrete cover on both faces .
spalled at a load of 150 kips(667.2 kN) and a strain of 0.0048. The
ultimate load of 220 kips(978.6 kN) occurred at a deflection of 0.230 inches
V[S.84 mm). There was i\b yielding of the column re}nforcing steel.'

o
» ,,3.2.12 Specimen SCIZI - Wide Flange Section Protruding from Two Sj;dges
Thej load deflection curve and a photograph c\>f specimen 301; at failure
are shown in Fig. 3.16. Separation of the bottom of the wide flange steel
\ member from the concrete occurred 3t a IPad of 40.0 kips(178%kN ). Ata

load of 130 kips (578. kN) a horizontal crack formed in the Side of the column

at the centerline of the embedded steel member. The load deflection response :
was linear up to a load of 140 kips\ (623 kN) at which point the embedded - o
steel member started yielding due to the high\;hear load.
Inclined vertit):al c'{acks appeared at the tips of the top flange. At
a load of 160 kips (712 kN) the concrete cover above the steel member began
- 'to spall. Failure occurred in the cql\mm at an ultimate load of 212 kips ‘ N
(943 kN) and a defl&:\tion of 1.150 inches (29.2 mm). There was no yielding ‘ o /

\ .
of the longitudinal steel of the column. The maximum measured strain on the
coluin face was 0.0013.

i

~
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'[623 kN) it was able to carry additional~ioading causing eventual failure of

\ Specmems TCI and TC2 were tested under zero axial load. Specimens 19 and

e
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Although the wide flange member yielded in shear at a load of 140 kips

the connection in the concrete at a load of 212 kips(943 kN) on the column

and a corresponding deflection of 1.15 inches (29.2 mm).

<

3.2.13 Specimen SC13 - Hollow Structural Section Protruding from Two Sides

2

The load deflection response and a photograph of specimen SC13 at
failure are shown in Fig. 3.17. Separation of the bottom of the embedded
steel member from the concrete occurred at a load of 40.0 kips(177.9 kN) on
the column. Inclined vertical cracks appeared in both faces of ‘the column
at the top corners of the steel member at a load of 110.0 kips(489.3 kN). ¢
A horizontal crack fomed in the side of the column at the centerdine of the
connection at a load of 130.0 kips(578.2 kN). The cc%ncrete cc;ver spalled at
a load of 180.0 kips(800.6 kN)} and a strain of 0.0019. The ultimate load
of/210.0 kips(934.1 kN) was reached at a deflection of 0.250 inches (6.35 mm).

There was no yielding of the longitudinal column reinforcement.

2.3 Series III

Specimens TCl, TC2 and TC3 incorporated 4 in. x 4 in. (102 mm x 102 mm)

solid steel embedded members. Specimen 'Igfgs/ed/fﬁ/iia. x 4 in, x 0.375

(152 mm x 102 mm x 10 mm) ELIW'ﬁm{n;ral steel member. Specimen TC1 was i
twice as wide as ’Eh/e/spe/cimens of Series II. Specimens TC2 and TC3 were cast

in such a way that the‘width of the concrete directly above and b'elow the

embe::lded steel member was‘ equal to the width of the embedded steel member.

3

'1‘04 were tested under pure moment.

>
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j
3.3.1 Specimen TC1l (Wide Column Test)

The load deflec@ion respon/Ise and a photograph of specimen TC1l at
failure are shown in Fig. 3.18. 'Separation of the bottom of the embedded
sEeel member from the concrete occurred at a load of 17.7 kips(78.7 kN).
Inclined vertical cracks appeared in the column face af. the top corners of
the embedded steel member at a load of 29.4 kips(130.8 kN) however, the
diagonal cracks in the sides of the column did not form until a load of
41.2 kips(183.3 kN) was reached. At a loa‘d of 47.1 kips(209.5 kN) the
concrete cover above the steel member began to spall and the ultimate load
of 58.9 kips(262.0 kN) was reached at a deflection of 0.193 inches (4.90 mm).
There was no yielding of the longitudinal column reinforcement. The measured
width of spalling was 9.25 inches (235 mm). The maximum measured strain on
the column face was 0.0040.% " ,

3.3.2 Specimen TC2 (Connection on One Side with Reduced Width)

The load deflection response and a photograph of specimen TC2 at ¢

failure are shown in Fig. 3.19. Separation of the bottom of the emb

7 . -
steel member from the concrete occurred at a load of 6.5 kips(28.9

3

lgad of 13.0 kips(57.8 kN) a horizon ' crack formed in the concrete cover at

the.back of the column at the centerline of the steel member. e concrete

cover on the front face above the Qsteellmember spalled at a 16ad of- 31.2 kips
(138.8 kN). The ultimate load of 32.3 kips(143.7 kN) was reached at a deflection
of '0.141 inchesl {(3.58 mm). There was no yielding of the 'column longitudinal
reinforcement. Byen though an attempt was made.: to prevent significant spreading
of the load by reducing the column width aroun& the embedded member signs of
spreading were observed in the column above the region of reduced width. The
measured width of apparent crushing on the front face was SLO inélges (127 om).

The maximum recorded strains on the front and back faces of tl;e column

were 0.0038 and 0.0003 respectively.

*
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(3 ' 3.3.3 Specimen TC3 (Coxmectim{ with Reduced Width Subjected to Pure Moment)
The load deflection curve and a photograph of specigen TC3 at"{failure
are shown in Fig. 3.20. Separation of the bottom of the eih;edded steel
member from the concrete occurred at a load of 5.2 kips(23.1 kN). Signs of
crushing were observed at the front and back faces of the column at a load of
‘ ' 16.9 kips (75.2 kN). The ultimate load of 17.5 kips(77.8 kN) was reached at
a deflection of 0.230 inches (5.84 mm). There was no measured )jielding of
the reinforced steel of the column. As with specimen TC2 signs of spreading
were —observed above the region 'of reduced width. Signs of spalling were
noticed over a width of 5.0 inches (127 mm) on the front and back faces of the

coluﬂm. The maximum recorded strains on the front and back faces of the

column were 0.0032 and 0.0034 respectively.

( v, 3.3.4 Specimen TC4 (Connection with Hollow Structurdl Steel Section Subjected

to Pure Momentj

The load deflection response and a photggraph of specimen TC4 at failure
are shown in Fig. 3.21. Separation of the embedded steel member from the concrete
occurred at a load of 5.2 kips(23.1 kN). At a load of 10.4 kips(46.3 kN)
diagonal cracks formed on the sides ot: the column. The longitudinal reinforcement
in the column started yielding at a load of 16.0 kips(71.2 kN). Inclined
vertical cracks appeared in the column face above the steel member at a load
of 20.8 kips(92.5 kN). The concrete cover above the Etepl member spa‘lled when
\the connection reached the ultimate load of 26.0 kips(115.6 kN) at a deflection
of 0.198 inches (5.03 mm). The maximm recorded concrete strgin on the

face of the column was 0.0028. .
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, CHAPTER IV DEVELOPMENT OF ANALYTICAL MODEL AND C

(‘[ _ v A%
;' y‘:.

; DISCUSSION OF TEST RESULTS . “t

; 1
{ . EN '
v . ) -

4.1 Basic Assumptions in the \Analxtical Model
The proposed analytical model for precast connections incorporating
_ embedded steel members -assumes that the stiffness of the steel member is
sufficiently greater than that of the concrete surrou'nding' it tnhat it may
be treated as a rigid member. Therefore, all rotations and displacements
of the embedded steel member under the action of any applied loads will

Tresult in linear strain distributions in the concrete above -and below the

o

steel member as can be seen in Fig. 4.1 . The resulting curvature, ¢, :

is constant above and below the embedded member as caxdl be seen from the

strain distributions of F1g 4.1, From the assumptions ef a riéid embedded
member and srr;ail deformations in the connection the points of zero straia’

h(\‘ ’ above and below the embedded steel member lie on the same vertical 11ne ?
Due to the loss of contact between the steel member and the concrete over i

certain regions of the embedded length only compressive stresses are assumed

‘
L3

to act on the embedded steel member.

~The res;xlting strain distribution can be described by the following

two equations:

£ € . -
1 , ¢ = -i-f— = --b— 4 - 1 P
1 4' g xb
¢ } ] 4 )
and .
: . ! N . Xf + Xb " gla . 4' 2

’ where: ¢ = curvature resulting from the strain distributions- - ~
eg = strain on front face of column

0 € * strain at back of steel member-
) ¥ p ,

. - -69-

e A
a

-~

e R T Y . TR T T R e e T




e e e

Xe = distance from front face of column to neutral axis

L Xy = distance frpm back of steel member to neutral axis }J

’ fo = embedment length of steel member \ |-
¥ , . j

—
4 !

The concrete is aésmjled “to follow a parabolic stress-strain law

given by: : ' ‘ C

o 2
L =2 - (29 43
¢ ¢ €& %o |

B

where ¢ o is the strain|corresponding to-the peak concrete stress,o fé is

o

the compressive strength of concrete; and ¢ is the strain at which the

stress, £, Is being evaluated. A value of 0.002 is used for €q

If an embedded jember of width b is subjected to a linear distribution

of depth x the resultant compressive force can be expressed as
- ' ’ ‘ /
C=ofl Bxb ) y

where 8x is the depth of an equivalent rectangular stress distributi{o’n f
ufé is the equivalent uniférm stress of that distrii?ution. The pos tio]n of
the resultant of the compressive stress distribution would be at 1/2 8
. from the point of max comp.r?ssive strain towards the neytral axis of
the member. For a linear strain distribution ;md a parabolic stress distri-
bution. giveén by 'Bq. 4.3 values- of o and @ can be found such that the resultant
of the equivalent re tangular stress distribution has the same magnitude and
: position as the pmﬁolic ‘stress distribution. For a given max imum cox}wrete

- /~

strain, ¢, the values of a and 8 can be found from the fonou:lng t-r ehuatiom.

& - s/co .
o | g mo . . 4.%
- . 6B mele, - 1/3 (c/eo)z o \ 4.\6 )
3 { ’

q&
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The maximum strain occurs at the front face of the connection. If

i

a maximum strain of 0.003 is assumed i:ogether with the ACI stress block
factors the resultant of the stress distribution at the front of the
conhection, Ces given by

Cp=0.85f ab ‘ 7,

where &, the depth c;f the equivalent rectangular stress block, is defined - ;; |

°

as: , ' . g’
a = Bl xf P ) Fad ) 4‘8 y o~ ot
The stress block factor, 8, is given by: ) e
. ! ’ . - 1
By = 0.85 for f. less than 4000 psi or 30 MPa . /
) f - 4000 ° ‘
(3 otherwise 8, = 0. 85 - .08 [—-m—] where £! is in psi
£' - 30
or \ . B = 0.85 - 0.08 [—c—m—-—] where £! is in MPa
but 81 should not be taken as .less than 0.65. / .
3 B

Since the value of the strain at the back of the steel member 13 less

- than 0 003 the ACI stress block factors do not apply. For a given value of

strain at the back of the embedded member Bquations 4, S and 4.6 can be used
to calculate the stress block factors.a and 8. The resultant. Gy ?f the
'stress distribution at the back of the embedded member is therefore given

v
\

! by:

X

C, = of beb
Summing vertical forces on the connection gives:

. Vo = 0.85 £1b By xo - aB £1 b (2, - %)

ol 3 4 ,;M,-i s,

-
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The distance from the péint of application of the load to the center

of embedment of the steel member is given by

!

° e = a+ SLe/2 e 4.11

°

'

Taking moments abouty;che center of embedment of the steel member gives:
Voo = Cf[ze/z - By xf/Z] + Cb[ﬂ.elz - B(&, - xf)/z] 4,12

X The solution of %guations 4.10 and 4.12 will give the ultimate capacity
_of the connection, V_, as a function of the eccentricity, e, of the load from
the -;:enter of embedment of the stesl member; In order to solve Equations 4.10
and 4.12 an iteration procedure was used, the steps of which are given balow: -
1. choose a value of Xe
2. callculate the strain aé the back of the embedded member
an:(/i ’Fhe corresponding ‘'values of a and B.
3. dgfitermine the magnitudes and ‘positions of the stress
resultants (:f and Cb.
- 4. from force equilibrium, Eq. 4.10, calculate Vc
and 5. from moment equilibrium, Eq. 4.12, calculate th§
éorrespomiing value of e, ﬂ
in th; design of a ‘connection the embedment f;n&t:l:, Lqs and the
_eccentricity of the load are chosen. Therefore, the design procedure should
glve the ultimate capacity of the connection as a function of e and 2.

_ If the iteration procedtfre is repeated for different values of Xe ‘a series
of solutions will res;ult for \rc versus e at ultimate. Therefore the non-
dimensional shear capacity of the connection, Vc/ f:: be,, can be plotted
against the ratio of P/ae giving the design curves of Fig. 4.2. Vc is the

resultant of the loadL acting on a connection and e is the effective
. . P

\\

~
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eccentricity of the resultant of the loads measured from the center of the
embedment length. Once e and Re are chosen the curves of Fig. 4.2 can be
used to find the ultimate capacity!of.fhe connection for a g;ven concrete
strength. { .
The maximum shear capacity of the connection occurs when the eccentricity,
‘e, of the resultant of the applied loads equals zero. This case would arise
wh;n equal loads with equal eccentricities are applied to an embedded member
protruding ffﬁm two sides of a colugn. This loading case vesults in a
uniform strain distribution of 0.003 (see Fi§1‘4.2) and a corresponding uniform
stress distribution of 0.85 fé over the entire length of embedment.
it should be noted that for e/ae less than 1/2 the resultant of the
applied loads would have to act at some point within the column. The resulting
(“_ strain distribution for the case where e equals\ze/? is shown in Fig. 4.2.
As can be seen from Fig. 4.2 the shear capacity of the connection decreases
with increasing eccentricity. ‘
i Prédictians of the capacity of connections based on Fig. 4.2 and using
an effective width equal to the width of the embedded steel member grossly
, ,

i underestimatos the capacity of these connections.

These results can only be explained if the effective width of the

Tew L a

connection is larger than the width of the embedded steel member. The larger
effective width can be attributed to the high degree of confinement of the
concrete in thqfcblumn in the region of the connection. A discussion of the

effective width to be used in design is found in Section 4.3. )

, i
e, o PR : "

o
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4.2 Idealized Specimens

Specimens TCZ and TC3 were used\to test the asghmptions of t;;’
analyti;:al model. They both incorporated 4.0 inch (102 mm) square solid
steel members which were relatively rigid compared to the concrete surrounding

them. The width of the concrete above and below the embedded steel member

'was made equal to the width of -the steel member in order to have a "known"

effective width as can be seen in Fig. 2.6. It was felt that the results
of these specimens would test the validity of the assumptions of the analytical

model without having to assume an effective width.

Since specimen TC3 was tested under pure moment an anti-symmetric concrete*
straindistribution with a maximum strain of 0.003 at each face of the column

was assumed for the theoretical analysis. The strain distribution along the

2 -

length of the embedded steel member for each load stage up to failure is o
shown in Fig. 4.3. The strain distribution at failure is nearly linear with

maximum strains of 0.0032 on the front face and 0.0034 on the back face of

\

the column. The strain distribution agrees well with the assumed strain

'~ N\

distribution of the analytical modéi however, thé failure load is 1.55 thn?Q
the prediéted value if an effective widsh of 4 inches (102 mm) is assumed.
Even though this specimen had a reduced w}dth of concrete inythe region of
the embedded member, signs of crushing were observed over a width of 5.75

inches (146 mm) beyond the regions of reduced width. This specimen demonstrates

. /
the ability of the load to spread even'though measures had been taken to

prevent the spreading.
Specimen TC2 also had a reduced width in the region of the embedded

member and it was tested with the steel member protruding from one side only.

Y
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o

The concrete strain distribution élong'the length of the embedded steel
member in specimen TC2 for each load stage up to failure is shown in Fig.
4.4, As can be seen from;Fig. 4.4 the strain distribution across the
length of the steel member was nearly linear in the final load stages.
Due to the formation of a crack in the concrete at the:back of the embeddedJ

steel member the strain gauge at this location was damaged.

At an early load stage a horizontal crack formed at the back of the

L ° .
column at the location 0f the embedded member and the concrete cover separated

from the steel member. Consequently -the back concrete cover was ineffective
in carrying any load and the strains at this location were very small.

The strain distribution for specimen TC2 is therefore based on
concrete strain gauges 1, 2, 3 and 4 only (see Fig. 2.12).

) As with specimen TC3, specimen TC2 failed at a much higher load than
that predicted»ﬁy the analyticﬁl model assuming an effective width of 4 inches
(102 mm). After failure crushing was observed over a width of 5.5 inches
(140 mm) in the regi@n of the columﬁ abﬁ&e the reduced width. Once again,
this demonstrates the ability of the load to spread, resulting in a larger
effective width, even though measures were taken to prevent load spreading.

The measured strainﬂdistribution at ultimate shown in Fig. 4.4 is
approximately linear with a ma;;Qum strdln of 0.0038 atlthe front face and
an estimated strain of 0,0016 at the back of the embedded steel member. The
a&alytical model assumes a linear strain distribution with 0.003 at the froﬁt
face and a predicted strain of 0.0019 at the back of the steel member. The
strain distribution of Fig. 5.4 indicates a neutral éxis depth of 0,725 £e
as compared to a depth of 0.61 LR predicted by the analytical model.

The strain distribution of Fig. 4.4 indicates that there is a basic

error in the assumptions of the PCI Design Method since that method assumes

the neutral axis depth is always at Lo/3.
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4.3 Effective Width - ¢

4.3.1 Effects of Cover
Specimens SC9, SC5 and SC10 had clear concrete covers of, zero, 1/2 in.
(12.7 mm)\, and 1 1/2 in. (38.1 mm) respectively. The placement of the embedded
steel and \;che point of application 'of the load for each specimen is shown in
Fig. 2.4. :fhg load was imsitioned such that the eccentricity fram the center-
line of theaco;ﬁ‘mg was constant. In the analysis the eccentricity of the
load is measured from the center of embedment of the steel member therefore
the three specimens ham\ different eccentricites as well as different concrete
covers. A co}nparison of\\t\he load-deflection responses of the three specimens
and a photograph of the speéimens at failure is shown in Fig. 4.5. i?rom the
photograph in Fig., 4.5 it éan be\seen that the effective width. of the comnnection
at the front fage as bounded by the hinclined vertical‘cracks is approximately
the same for all three specimens. It i; clear from this photograph that the
concrete cover spalls off in the region of the connection. The results of
these tests indicate that spreading does indeed occur however, it does not
extend to the full width of the column because the cover is ineffective.
'l‘her(efore, the analytical model assumes that the effective width cannot exceed
the confined width of the column measured to the outside of the column ties.
The failure loads for specimens SC9, SC5 and SC10 were 49.1 kips{218.4
kN), 55.0 kip‘s(244.6 kN) and 62.§ kips (279.3 kN) respectively. The analyt'ical
model predicts ultimate capacities of 38.5 kips(171 kN), 40.0 kips (178 kN)
and 45.6 kips (203 kN) respectively using an effe;:tive width equal to the !
outside width of .the column ties. The experimental cap;.ncities exceed the
pragictions of the analytical model by 25%, 37% and 38% for specimens §c9, SCS

and SC10 respectively. ‘ v 3

i 4
.
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4.3.2 Maximum Effective”Width

Specimen TCl had a width of 16 inches (406 mm) which made it twice
as wide as the o}:her specimens in Series II and Series III. It incorporated
a 4 inch (102 mm) square solid steel embedded member which prot:f:uded~ from |
one side only. Since the detaiis of this specimen favouredwsgreading,
specimen TCl was useful in determining the maximum effecti\;e; vfidth of the
connection. The specimen reached an ultima;:e load of 58.9 kips(262 kN).
As expgcted, the effective width of this specimen was less than the outside
width of the column tiq_s in the specimen. :‘-Signs of crushing were observed

over a width of 8 inches (203 mm) on the front face of the column ab?o”'\'/e t%e

Y

steel member.
If an effective width of 8 inches (203 mm) is assumed in"?\'oalculating

the capacity of the connection the measured capacity exceeds the\‘ prediction

of the analyt‘ical modgl by 59%. Based on this one test it is recommended

that an effective width not greater than twice the width of the embedded

steel mémber should be used in the design of these connections.

4.3.3 Effect of Shape of Embedded Member ;

/
Specimen SC6 incorporated a wide flange steel member who.?/e flanges were

milled to give an identical width and a comparable stiffnesg t/o that of the
hollow structural steel member of specimen SC5. A com;;ariso/r/qf the load-
deflection response and a photograph of the fwo specinens ;aé failure is
shown in Fig. 4.6. As can be seen in Fig. 4.6, the response of the two \
specimens is identical‘up to a load of 40 kips (178 kN) ’allad both speciméns

/
exhibited approx&maﬁtely the same ductility at ultimate.
( o

The failure loads for specimens SC5 and' SCé wTe‘ 55.0 kips (245 kN) and

60.9 kips(271 kN) respectively.

oy
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It can be seen from the photograph of Fig. 4.6 that inclined vertical

cracks are formed from both the top-and the bottom flanges of the wide flange

section. This indicates that both flanges are effective in distributing the
load. The hollow structural steel member on the other hand haé only one ,
loading surface‘to distril;ute the load. Therefore, a wide flange section
results in a more favourable distribution of stresses in the connection.

Although the connection incorporating a wide flange member exhibited
an 11% larger capacity than the specimen with the holllow structural steel

member, the analytical model conservatively reflects this additional capacity.

4.3.4 Effects of Stiffness of Embedded Member

The results of specimen Cl demonstrate the importance of using an
embedded steel member which is stiff enmough to ensure relatively uniform
bearing conditions; In specimen Ci, since the hollow structural steel member
had thin walls and since it was not filled with concrete the bearing of the
concrete against thg top w;ll of the steel” member caused severe local bending.
This resultec in str'ess: congentrations in the concrete above the webs of
the hollow steel member, which reduced the effective width of the connection
and led to a premature Ifail/ure. Therefore if the walls of a hollow structural
steel member are not stiff enough it should be filled with concrete to ensure
a more uniform bearing §tress which will enable the effective width to attain

4

its maximum value.
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4.4 Effects of Additional Welded Reinforcement —

Y

Specimens SC7 and SC8 were tested with additional reinforcing bars

welded to the embedded steel member. A total of eight pieces of #3 bar, 12 in.

(305 mm) long, were welded to the embedded steel member. Four bars were

welded to the top surface of the steel member and four bars were welded to
N &

its bottom surface as shown in Fig. 2.3. The bars were provided with

—~sufficient length to enable them to develop their ultimate capacity in both

tension and compression.

The strain in the bars is assumed to be equal to the strain in the

concrete surrounding them. Therefore from the strain distribution of Fig. 4.1

the total force in the bars at the front of the embedded member, Cfs’ is

L 4

given by:

where As is the total area of reinforcing steel welded to the front of the

Cfs = As fs ) 4.14

s

connection above and below the embedded steel member and f. is the stress in

the reinforcing bars.

@

Similarly the total force in the bars at the back of the connection,

Cb, is given by: y

4
Cbs = As fs' 4.15

where As' is the total area of reinforcing steel welded to the back of the

embedded member and £ ' is the stress in the reinforcing bars.

The stresses in the baxrs at the front and at the back of the connection,

AN

£ and £ respectively, are given by:

<
1-'s = (.003 Eg [ - df/xf] - fy f,/ \ | 4.16
/ a
/ .

/ <
- £.' = 0.003 E_ [(%, - dp)/xg -/1] - £ 4.17

—
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(h? where: Es = modulus of elasticity of steel

(2
i

£ distance of welded reinforcement at front of embedded member

.

from thé front face of the column

<9
n

b distance of welded reinforcement at the back of the ,

connection from the end of the embedded steel member. :

From equilibrium of vertical forces, the ultimate capacity of a connection

with additional welded reinforcement, Vu’ is given by:

Vu = C Cb Cbs 4.18

which upon substitution of Eq. 4.7, Eq. 4.9, Eq. 4.14 and Eq. 4.15 gives:
= ] - - " !
v, =0.85 fc b ByXg * AL, - aB fé b (le xf) Ay fs'
4.19

(- Equation 4.19 define,s the ultimate capacify of a connection containing (
additional welded réinforcemem;. The moment on the connection corresponding
q?
to the ultimate éapacity as defined by Eq. 4.19 is given by: ~
Vu e = Cf (ze/z - lefIZ) + Asfs (29/2‘ - d"f) \
+ cb[ze/z - B(£Q~xf)/2] + As.'fs' [ze/z - db] . 4.20

In order to determine the capacity of a connection containing additiona/\

o welded reinforcement an iteration procedure can be used by assuming different
values of Xg until Equation 4.19 and Equation 4.20 are i)oth satisfied. \ “
Specimens SC7 dnd SC8 had capacities which were 25.5 kip (113 kN) and \

28.5 kip ((127.kN) greater than the capacity of specimen SCS. This increased
s

4 capacity is due to the presence of additional welded reinforcemsnt in ‘
specimens SC7 amd SC8.' The pr;dicted increases in capacity according to the ?
C 'PCI Design Method and thé analytical model were 13.4 kip (59.6 kN) and oo

131.6 kip (60.5 kN) respettively. The.two methods predict almost the same
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|

additional capacity for this particular case because the strain in the steel
as calc{ﬁ‘iated by the analytical model was close to the yield strain as
is always assumed by .the PCI Design Method.

The total capacity of spécimen SC8 was 83.5 kips(371 kN). The PCI
Design Method predicts a capacity of 31.4 kips(140 kN). The analytical

model predicts an ultimate capacity of 53.6 kips(238 kN).

3

4.5 Effects of AxialKLoad

Four identical ‘specimens SC2, SC3, SC4 and SC5, were tested with axial
loads of 240 kips (1068 kN), 160 kips(712 kN), 80 kips (356 kN) and zero
axial load respectively; A comparison of the load-deflection responses of
the four specimens and é photograph of the specimens after failure are shown
in Fig. 4.7. '

From the photograph of Fig. 4.7 it can be seen that the region of
spalling on the front face of the connection above the ’en;bedded steel member
‘increases and the diagonal cracks‘o,n the sides become steeper as tﬁe axial
fload is increased. '\n\e specimens with higher axia_l_ load also exhibited spa111n§
ion the back face of the column. As can be seen from the load deflection
responses of th;e four specimens, the deflettion at ultimate, which is a measure
of the ductility,. decreases with an increase in axial load.

In order to show the effect of axial load on4 the capacity of thé
connection the axial load-shear interaction diagram was plotted in Fig 4.8
ix;/ terms of the ‘non dinensional.variables P/Po, where ‘Po is the pure Qxi;;
capacity of the éolunn, and V/fé b Lo+ In addition to the speciaens describ;d
above an identical specil;en, SC1 was tested"imdar re axix.ﬂ load. 'As can be

! ¢

| seen in Fig. 4.8 the shear capacity of the connection increases with increasing
"?fi,

1

e e T M e k. 3 amabalatet e e,
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1

.

8 1
(‘} axial load until a maximum shear capacity is reached when the column is
sub]ected to approxmately 50 percent of its axial capacity. For values

\ of axlal load greater than 50 per cent of the axial capac1ty~a£~the co lumn
the shear capacity decreases with increasing axial load. The| shear

capacities of the copnection for axial loads less than 75 pexrticent of the

axial capac1ty of the column were greater than the capacity of| the connection

at zero load.

The analytical model can therefore be used to conse;'vaj: vely predict®

‘the capacity of connections where the axial load in the column does not

exceed 75 percent of its axial capacity.

4.6 Comparison of Predictions with Test Results

Table 4.1 cwpares the predzctions of the analytxcal model and the
C} . )PCI Design Method with the test results. :Ihe effective Wldth used in the
predictions of the analytict;l ‘model is also given in this table.. It is noted
that all specimens had an effective width equal to fhe ou'c\er dimension of P
the column ties except for specimen TCl. Since TCl was an‘ extremely wide.
specimen the gt:fgctive width used was equal to twice the width. of the embedded ~
steel member. As specified; in the PCI Désign Method, only the width of the  °
embedded steel nember was considered m be effective. '
! The analytical model is conservativo for all properly detailed
connections. Specimen C1 incotpontod thin valled hoflm structural st;;1
. " member which was not filled with concrete. Th/is spscimen therefore failed
preumrely without developing its full effective width due to local bending
of the walls. Specimen TC3 had a reduced width %f concrete in the region

of the connection and thus was umble to develop its full effective width,

* ’
E4 !
* i
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- b vexpg» T Vpcr Vtheory )
. ( : \ v ‘ Ve,
. in mn kips ~ kN kips kN kips kN Vexp v exp v eory
SﬁRIES I 3 - ) PCI theory 'pci
N Cl 5.5 140 27.8 124 17.3 77 30.5 136 1.61 ' 0.91 1.77
St c 6.0 152 41.4 184 14.0 62 27.3 121 2.96' 1.52 1.95
Cc3 6.0 - ;52 45.0 200 18¢7 83 . ’3,5.7 159 2.41 1.26 1.91
. cs 6.0 I82 53,5 238  20.9 93  39.4 175 2.56 1.36 1.88
SERIES 11
. sc2 7.0 178  55.8 248 19.9 89 45.1 . 201 2.80 1.23 ° 2,28
R SC3 7.0 178  70.7 314 18.0 80 40.0 178  3.93 1.76  2.22
SC4 7.0 178 66.8 297  18.0 80 40.0 178  3.71  1.67  2.22
SCS 7.0 - 178 55.0 245 18.0 - 80 40.0 178 - 3.06 1.37 2.22
Vo SC6 7.0 178 60,8 271 18.0 80  40.0 178 3.38 ~ 1.52  2.22
. sC7 7.0 178 80.5 358  31.4 140 - 53.6 238  2.57 1.50 1.71
- sc8 746 178 83.5 371  31.4 140 53.6 238  2.66 1.56 1.71
SC9 - 7.0 178 49,1 218 17,3 . 77  38.5 171  2.84 1.27 2.23
SC10 7.0 178 62.8: 279  20.3 9  45.6 203. 3.09 1.38 2.25
SC11. 7.0 178 220.0 979 81.6 363 214.2 953 + 2.70 1.02 2.65
. SC12 7.0 178 212.0 943 81.6 363 214.2 953 2.60 0.99 2.63
SC13 7.6 178 210.0 934 81.6 363 214.2 953 2,57 0.98 2.62
: _ SERIES II1

TCl1 8.0 203 58.9 262 14.3 64  37.0 165 4,12 1,59  2.59
TC2 o 7.0 178  32.3 144 14.3 64 32.4 144 2.26  1.00 © 2.26

TC3 - 7.0 178 17.5 78 - - 19.8 88 - 0.88 , -

’ TC4 7:0 178 26.0

116 . - - 19.8 88 - 1,31 -

& /

~
>
Y

TABLE 4.1 COMPARISON OF ANALYTICAL MODEL AND PCI DESIGN. METHOD
WITH EXPERIMENTAL RESULTS

- \
B

. -t

+ €8




84

Specimens SC3 and SC4 reflect the conservative predictions of the analytiical

- model for specimens with axial load less than 75 percent of the pure axial

load capacity of the column. LThe capacities of the specimens with zero
eccentricity, SC11, SC12 and‘ SC13, are predict;d within two percent accuracy
by the analytical model.

The predictions of the PCI Design Method are overly conservative
for all the properly detailed specimens. The ratio of the experimental capacity
of a connection to the capacity predicted by the PCI Design Method varies
from 2.41 to 4.12 for these specimens. Ev-en for the specimens tested with
zero eccentricity (SC11, SC12, and SC13) the PCI Design Method is overly
conservative. Fig., 4.9 gives the variation in the non-dimensionalized shear
capacity of a connection as a function of the e/ le ratio as derived in section
4.1, )

These design curves are compared with the experimental results of
specimens SC5, SC6, SC9, SC10, SC11, SC12 and SC13 each specimen having a
measured concrete strength of 4500 ;;lsi (31 MPa). This figure illustrates
that the anhfytical model conservatively predicts the reduction in the capacity

of connections incorporating embedded structural steel members with increasing

eccentricity.

v
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Figure 4.5 A co-psrison of the load deflection response and a photograph
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C h ' CHAPTER 5 CONCLUSIONS

s

. @

]

The analytical model developed in this thesis together with

i-ecomendat'iop{ifor the design of these conmections are tiescribed below.

.

'

5.1 Basic Assumptions of the Analybic.al Model )

» A linear strain distribution with a maximm $train of 0.003 is-assumed.

y It is also assumed that the neutral axis depth is the same above and below’

r

. ' the embedded structural steel member. The neutral axis depth is detemim.:d

such that equilibrium of forces and moments on the steel is achieved (see

Equations 4.10 and 4.12). In calculating the stress resultant of the #

triangular straip"distribution having a maximum strain of 0.003 the American ’

~

Concrete®Institute stress block factors are used. Where the maximum strain
‘\' ( is less than 0.003 a parabolic stress distribution (see Ecpati—on 4.3) is
) assumed and the stressyblock factors are calculated based on the value of this
max imum strair‘x. 5 e °
JIt '}s assumed that a connection protruding from two sides of a column
with zero effective eccentricity (e.g. equal lo]?ds andequal eccentricities

¢ ~
v

on both sides) has a uniform st:;/'ain distribution at u}timate of 0.003. A

‘
- £ N

. connection protrudinng from one side only results in:

o

° \\ . v a] a maximm strain of 0.003 on the fr&nﬂface\of the connection

-

b] a neutralt axis depth exceeding one half o‘f the embedment
" length of the steel member b ’
and c] a resulting strain in the concrete at the back of the eabodded .
steel memberswhich is less than 0.003 depending on the eccentricity
‘ nof the applied load on the comnection. ’, _
O) The Tesults of ‘specimens TC2 and TC3 with measured strain distributions confirmed

i § .
i . ,the validity of these assumptions.
k|

—
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5.2 Effective Width of the Connection at Ultimate

-
AR I

N « P

ALl of the specimens tested ipdiéated that the effective width of I

14

1 R, TR BT

the connection at ultimate is larger than the width of the embedded structural

steel member. A study of the specimens indicated that at ultimate the

L] P
concrete cover spalls off in the vicinity of the connection and therefore

a d

is ineffective. ~ Thus™the mximm effective width that may be used in

calculating the c ity of a connectim?\, is the width of the confined concrete
. » &

.

core measure to the outside of the column tied ) . d
4 . ) ~ ; '

! If the wi_dth of the column is very/large compared to: the width of
the embedded structural steel member_then it may not be poss/ible fo:: spreading .
., of the load to develop over the entire width of the confined core. This was » - ' ' N
demonstrated by specimen TCl hnving ‘a confined core vh;th of iS inches (381 mm) I

. and an embedded member width of 4 inches (102 m).' A study of the a%’ecinen at

- ultimate together with the need to have a conservauve prediction for t}us well

B

confqu specimen re]sulted in an 8 mch (203 m) effective width used in the

L]

predictions. “ . .
R . ’ £ I . L] -
r It 'is recommended that the effective width used in design be taken as N
.equal to the smallerof the following: . ‘ : )

> ] N 3

a] (fhe width of the confined concrete core measured tao the N
’ outside of the column ties . f

or b] twice the width of the embedded structural steel member.

The latter :requirenent is conservative since it is based on omly one 5 ®

4

test and therefore further research is required. |

e L T L

.
. . :
! ! / - b
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. "the strains derived from compatibility.

" on the strain di'strjbution and bades.the stresses in the reinforcement on .

' ! 96
. i .
‘5.3 Effect of Shape of Embedded Steel Member

“ t

The resu‘lts‘ of specimens S(ES and SC6 indicate that a, commection *
incorporating f wide flange meﬁbep is abla; to develop a larger capacity. . .
This is due to the effe/ct of the additional loading su.rf\ace provided by,
the’ bottom flange of the wide flange membér. This effect, however, is

not accounted for in the design recommendations. -

.

' S.4 Effect of Additional Rein

" o

. . Additional welded reinforckmew» considerably inae§§ the capacity .

—

of these connections as demonstrated by the results of %pe imens SC7 and SC8.

,The analyticaj model is capable of including the effects of the additional

welded reinforcement as outlined in Section 4.4. The analytical model y
° ~ - . '

accounts for the effect oof, the presence .of the additional velded reinforcement )

~

o

l

5.5 The Effect of Axial Load- ' e

s !

|
. 5 . ° \ .
It was found that increasing the axial load decreases the ductility of .
thé comection. The capacity of the connection was found to increase with ;
|

»

increasing axial load to a maximm value when the column is subjected to 50 Coe

percent of its axial load capacity. i:o;' values of axial I

axial load. For the range of axial loads less than .75.ferceyt ¢f the axial

capacity of the column the connedtion strength exceeded the capacity of .

the connection at zero axial load. : ’ .

! A

¢ -

- o \ | -
" \/> T L S
. n » A . {" Lo



"

i

i

T

V3

3 ¥ ey e — ’ﬂ!t{:..déa L R -—J

E&(mQ

L

-

Based on the'results of five specimens it is tentatively recommended
that the capacij:y'nof the connection be determined by Equation 4.10 and
Equation 4.12 for axial loads less than 75 percent of the axidl capacity of

~
the column.

L .
5.6 Guidance for Detailiqg_

Specm(en Cl demonstrated that if the embedded structural steel member
is sensitive to local bendmg then the full. effective width of the connection
may not be developed. This can be avoided by choosing a stiffer member or
in the case of a hollow structyral steel madber by filling the embedded member

k]

with concrete.

Since the effective width is dependent onthe confinement of the concrete
it is necessary to ensur; that the region around the connection be gdequately
confined with column ties. 'Since spalling of the concrete cover takes place

at ultimate the free ends of the columh ties should be anchored in the

confined core of the column.

5.7' Design Aid

++ To facilitate the design of these connections design curves are

‘ presented in Fig. 4.9 for connections with concrete strengths of 4000 psi

(27.6 MPa:],' 5990 psi (34.5 MPa) a'nd'6000 psi (41.4 MPa): The design curveS
\predict the decreadse in connection’strength with increasing eccentricity df
the load. The shear capacity il presented in non-dimensional form'is

V. /£l b £, and the effectwe eccentricity of the load is expressed as the
ratio:of the eccentricity divided by the ubedne!i‘t lmgth of the steel nedwr.

i

These design curves were' prepared by the methods outlined in Section 4.1:
o { ! ?

D >
¢ -
2 &S00
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The results of the tests shown in Fié. 4.9 indicate that the analytical

model conservatively predicts the trend in the results.

5.8 Comparisons of Predictions .

s

The PCI Design Method and the analytical model developed in this

‘thesis are compared with the test results in Table 4.1. The PCI Design

Method uses an effective width equal to the width of the émbedded member’
and a strain digttribution thasl is independent of the eccentricity of the
applied load. In addition this method assumes that the additional welded
minfortgment always °yields. §
The PCI Design Method is overly conservative with measured strengths/
ranging from 2.41 to 4.12 times the predicted capacity of‘ the connectjion
-for properly detailed specimens. ' The analytical model accurately predicts
the cqpacity of the specimens with zero effective eccentricity within 2
percent., The properly detailed specimens having zero axial load had
measured strengths ranging from 1.27 to 1.59 times the capacity predicted
by ‘the ”analytical model.
It is concluded that the analytical model presented in this thesis

provides a more rational design approach for precast concrete connections

incorporating embedded structural steel members.
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3 NOTATION . f

eccentricity of the load from the concrete surface, shear span

depth of equivalent rectangular stress block as dehfined by the
act® \ o l

area of addition?alw/elded reinforcement at the rear of the el;lbedded
member ,

area of additional welded reinforcement at the front of the
connect'ion

width of the embeddéd steel member

* . effective width in compression of the connection

compressive force

Tesul tant comprg:ssive force at back of embedded member

force in additional reinforcement at back of embedded member
resultant compressive force at front of connection

force in additional reinforcement at front of connection
modulus of dlasticity of steel

compressive strength of concrete

stress in concrete

stress in additional reinforcement at back gf embedded member
stress in additional reinforcement at front of c’qnnection'

yield stress of steel -

embedment length

—distance from extreme compression fibre to neutral axis

distance from back of embedded member to neutrsl axis
distance from front of connection to neutral axis
axial load -,

pure axisl capacity of colui/n

@
F
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100 ’

shear load

nominal shear capacity of connedtion " » :
R

nominal shear capacity of each side of a connection

from two sides with symmetrical locading

additional nominal shear capacity provided by welded reinforcement
nominal shear capacity of a connettion with additional welded
reinforcement.

ratio of average stress of equivalené uniform stress distribution

to peak concrete stress

.

ratio of depth of equivalent unifom stress distribution from

extreme compression fibre to deptﬂ of neutral axis from extreme
e

&5

compression fibre.

ACI stress block factor
strain

maximm strain in concrete at back of embedded member
2
maximum strain in concrete at front face of connection
(2]

strain’'in concrete at peak compressive stress
curvature resulting from strain distribution

©

displacement
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SPECKIHEN Cl ;
. 4
/ LOAD MICROSTRAINS ON FRONT FACE OF COLUMN
kips kN - 1 2 3 4 5 6 7 8
0.0 0+0 & 23. -11s -Ge =12 13, - -3
0e9 4.0 =8, 17» -2G, 50 « -27 -5 -6, -12,
- l09 8.5 ,‘29- -2%. -3G, -89, -41., -22, -2t . =20
3.2 14,2 -126. -99. -S8, -165, -79. -69. -54, ° -37.
Se2 23, ! -1€1. -24 7. -93. =328, =97, « =116, -Q9, =59, b
65 28.9 -140. -397. -125. -504, -Q7e -157. -141 ¢ . =-R3, Eel
708 - 34.7 30. ?5&5. '1Q20 =750, -161, -211. . =168, -113,
91 40.% 187, 805, -199%, -1046,. ~-258. -281., -265%, -185,
10.¢ 46,3 . 318, ~1060. . -2480., -1844 , -326. -~360. -335, -204,
1e? %2.0 410. -1306. -268. -1869, . =324, -4 19, -39G, -251.
130 $7.8 451, -18570. -296, . O» ’ -291., -4 59, -484, - =308,
14,3 63,6 438, -1862, - 343, .0 -257., -4&8, -5R4, -372. °
- ‘546 69.4 358. 4196[. =396, O =226, -416. - =670, -435,
* 16.9 78.2 305. -1645, -512, O. -194, -460, -759, - -519,
18.2 8l.0 217 ~1864., -594. -2110., -162. ‘. =488, -857, Tﬁggo
19,8 - 86»7 63, - =147S, =714, ~1906, =115, -471, -Q96., -678,
20.8 92.8 -Q7 -1255%., -A28, -1222, c =77 -455, ~1144, -766 . N
. 22. ) 98,3 -167, -1207. -874, ~-8n¢s, -51. -459, -1306, -R2a,
234 10841 =219, ~-1{19e. -96 2. -580. =-33. ~-473. . -1476, =886,
24,7 109.9 -2185. -8&7. ~l144, -5620., -53, -415, -1730., ° -Q68,
26.0 118.6 T =301, =788, =-1450. ‘=882, -l41. -187, -1964, -1008,
.- zs.y 117.0 -61, -759, -1852, 20. . =171, -143, -2016., -1036
' 26, ’ 119.7 21, -711. ¢ =18432, 430. c m1P73a -123, =2034, -1058,
27. 8 123.7 31 733, -1648B, 528, -171., -111, -1652., -1074,
€ . l ’ i

SN iy A P
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R SPECIMEN C1l
LOAD STEEL MICROSTRAINS
- kips - kRN . 1 2 .03 4 f
N o090 0.0 6S. -18S. -7 -2 i
0«9 440 112« -8, -5 - S
1.9 . B8 102, 3, ¢ -1, 8.
3.2 18.2 52, 10. -14, -8, -14. ’
8.2 23.1 \ 87 17 =11, -185. -33.
. . 6eS 28,9 T&e 79 -11e -16, « ~-46., ) ; =
- TeB- 38.7 129 199, ~8, -5 =59,
T Qe !l - 40.5 211, 348, -, 3. -86 . Py
117 82.0 495, 8638, T 36, ~-110,
h 104 46.3 371, 510, -2 18, -138,
13.0 57.8 600, 761 . 20 65, =200 :
14,3 3.6 T1l. 894, 38. 101, =288, %
15.86 694 818, 1037. e 5S4, 140, - 349. 3
16.9 . 78,2 904, 1193, ‘Th, 184, a =411, §
‘!.\2 ) QI-O 9QO. ‘35[' . Q6. 230. "4750 i
19.8 85.7 1070, 1550, 140. 308. -~£6S,. H
. 2048 92.5 1130 1790+ 190, 396, ~661, {
221} 98.3 1206, 1980, - 248, 494, -757, :
23.4 104,1} 1248, 2204, 328. 618, -849, '
8.7 109.9 1264, 2350. , 428. 760, =353, . ‘
260 118.6 tLaa, 2350, 566, 924, -1113,
26+3 $17.0 1008, 2298, 702 1044, -1128 . :
¢ ‘26.9 119.7 _ 83s, 2230, 864, 1556, -965
27.8 123.7 770, 2198, Q70 1256, ~-878% .
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SPECIMEN C2 . A
LOAD STEEL MICROSTRAINS - CONCRETE MICROSTRAINS

kips kN 1 2 3 4 1 2 3 4 5
=0.0 0e0 =150, -158, -113%, -113. LY =37 <135, <1071, -118%
10 . 4.4 =186, -188, -157., 77, “ Qe . =&, -181. -124, -14S,
200 8,9 =170, -201., =132, -75 38, -79. -214.. -l44, -1 73
3.9 13.3 -164. -207. -133. -a3. 83. . -82, -238, ~156, -191.
&e O 1705 -162- ,-2‘7. -139., °920 l?’o" ‘940 ‘256- “72- '2‘6--
500 22.2 "!60.5 ‘227' -153. -lOO. '.3'. -108.,. -238%, - 190, -2“4.
6.0 26,7 , -161. N -240, -15%5., -114. 130. -124, -~326, -211. -276.s
7.0 B § | ~151. -244, -156, -118. 131, -13%, -350. -224., -302.
8.0 35,6 -142, , =251, -L62., -129,. 163, -149, -387. -2486, -3“2.
Q0" 40,0 -141, *~ 281, =169, -139, 265, -172. -424, -268, =3R4,
100 44,5 =131, =264, -17S. ~143, 260. ~187. -48s5, -285. ~-419,
l‘.o ‘509 -1 lao -265. - L78e -147, ‘?56. -208. -593- ‘306-- -462 ,
120 3.4 -121, -275, ~187.,. -158. 278, -228S. -£34, =330, -507.
1 3.0 57.8 -110. -2T48, -109. -162. 285, -250. =530, -351. -584.,
14,0 62.3 -109. -282,. ~197, -173. 200, -277. -632, -383, -612,

I 18540 66,7 *'1030 -2835., -203, -181. 166, -306. “6862 -414. -669,
16.0 71.2 ~-98, ~290. -206. ~191. 211, ~33G, -?50a -450. -732.
170 78.6 -A1, -287s -209., -195, 274, -374. -812. -487., -7Q0a.
1840 80.1 -81, -292. -220, =206, 239, -413. -879. -526., -361.
190 84,5 =67 -288. =222 -210. 223, ~448%, -Q34, -563., -913,
20.0 89.0 =54, ~287, -229., ~218. 320, ~-489. -100¢, -609 ., -984,
-21le0 93,4 =37, =273, -233, -218. 606, -54 0. . =1088, -661 -1867.
220 ‘ 97,9 -27e =262, -242 . c =228 e 721, ~-632. -1225, 757, -1213.
23+ 6, 102.3 -9 -248, =250, -225 . 1656, ~697. ~1328. -828. -1328.
T 24,0 106,8 27« -211, -254, -222. 3037 -T77Q. -1452, =918, -1483,
, 280 111.2 O, -221. =267, -230. Q. ~810. -1494, -94°7, -1560.
‘ 26-0 1[5.6 35, -198, -278, -235, 4889, -R9 3. -1624, -1040. -12708.
27:0 . 120+ 79, -1sa, -278. -231. 6132, -991, -1759, -11413, -1878,
28. 0 . 134, 112, -108, =288, -227 . 6200, -1117. -1613¢, -127%. -2158,
29.0 129.0 140. -65, -284, -198, 0. ~127 0. ~2164, -1849. -2408.
300 133.4 183, =10 -283 . -160., S800. ~143C. -2368, -1627, -2648,
3t.0 137.9 245, 63, -217., -121. Q. -1657. -2604 ., -189 2, -2928,.
320 c 142,3 300, 144, 1694 -9l 4800, -1973. -2878., ~2290. -3224,
33.0 !‘603 330, 181. -15885, =78, 0. -2110. -29¢2. -2418, ~3302.,
34,0 181.,2 363, 234, -12S8, -60. 3200, -22484, -3028. -2564» -3364.,
38.0 158,77, 425, 340, =80, -G 1790. -2886, -3130., -2948. -3492.,
386.0 160,11 478, ATS, -39, 43 . 328, =-28090. -2g8¢e, ~-3312, -3570.,
366 - 162.8 %$20. 714, 2l 146, -506. ~3688. -2783, -4628., -3323,
37.0 , 16846 556, 827 63, 212. v =1042, -3R98. -2323. -50713., -3283,
39,6 176.1 583, 1088, 18S. 386. O -32813. -611, - =-5768. -2018.
‘006 18006 €29, ‘335. 340. S97. O, -2208, AQQG.: -4193., -383.,
41e 4 184,11 744, 1882. 809, 1105, O -1427, 876, O 3257.
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! - SPECIMEN C3 : ‘

3 - \ <

] LOAD s ) STEEL MICROSTRAINS CONCRETE MICROSTRAINS
“kips T kN 1 2 3 -4 1 2 3 4 - 5
0.0 0«0 . =332, _ =318, -339, ~333. S =131, =161, -318, ~1€0. -194a.
240 8.6 -358, -351. -342, -358, © =184, -206, -423, -205. -2135,
440 " 17.8 ~-384., -361, -33S5, -362. -219. -234, -488. -233., -264,
60 - 267 -299, -802. =403, -362. -291.,. ., =-3Q!1 . -6503, -298., -328.
8,0 3I5. 6 416, ‘42‘0 =368 o 421, -35ll -355. -69 1. -35 2. -376.
10.0 43,95 -8429, -438, - ~36G., -840, ~&418, ﬁ-alﬂ. — =773, -30%, -428,
12,0 53,4 =437, -44G, ~374, -459, -L75. -471., -84, -459, -472,

¥ 14,0 62.3 -847, -861 .. -379. -478, -546, -840, ~-Q06.,. -519. -531.,

¥ 1640 T7ie 2. 453, ~470 =385. -8G5, -&16, -610, -96% . -Z84 , -S87. 5 -
18,0 80,1 =456, =477, -390, -515, «-703., -704. -1040. ~-664. ‘-6%9, )

' 2020 . 2940 -462. \-483. . =398, -535. =790, w796, -1107, -743., -730,

1 220 7.9 -4 66, =486, «-407.- -556. ~-887. ~90S. -1171. -936, -810.

} 24,0 106.8 =464, -483, -424. -58), -1026, -1058,. =~ 1255, -964. " -921,
26,0 115, € =451 . -8477. -429 ~598,. -1156, -12052 -1323, -1090. -1021.,
28,0 124.5 -828, -558, -439, -621. =13R90. -1412, -1422, -1250. -1157,
30.0 133.4 =366, -402¢ -8461, ~656, -15 90‘ -16R6. -1877, - -1470, -1331.,
3'.00 13709 -33" -3650 -469, -671, ) -1 ac -1794, -1636, _1554- -1402.,
32,0 142.3 272, -290, -a75, -684. -1R72, -1968, © =-1732, ~1696. -1S1t.

| 33.0 ©  146.8. -250, -256, =482, - 698, -1759, ~2142, -1821, -1818, -18602,
3440 151.2 -229. -217, -489, -710. -1861. -2294., -16472, -1956, -1703.
3%8.0 15%,7 -199, -1723, _—-492, -721. -1942. -2416, -2052. -2080., -1783.
.36,0 1801 -1768, -87a =408 -733. "=2118, -2738., -2268. -2360., -19A9,

3730 164 .6 ~151, -20. -499¢ -7a0. -2198, -2896, -21¢8, -2506., -2076.
38,0 169, 0 =132, . 32. =501, -T746, -2250. -2996., -2396., -2610., -2178.
30.0 1735 -104, - 107, -508., -751.,. -2262, -2926., -2402. -2668. -2286.,
40,0 - 177.5 -84, 17 2. . -515, -757. -2242, -2578. -2458, -2586. -2344Q.
4.0 1LB2 . & =40, 334, =508, -751, -2178. 1 -1547, —-2546., -2106., -2110.
42,0 186.8 -34., 538. =498, -613a -I'F33-J -948, -22322,, -1863, -18468,
43,0 191.3 48, 767 -420. -444- -1552, =-8RA0. -1Q73, ~-1680. -1648,
44,0 198.7 79. 943, '30_4- -258, -1093., -848. -1553., -~1300. -148&,
44,2 196.6 92 {095. -1567. -89,

44.8 1993 138, 458, 322. 468,
3
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} SPECIMEN C4
LOAD STEEL MICROSTRAINS CONCRETE MICROSTRAINS
] kips kN 2 3 4 1 2 3 4 5
0.0 0.0 -643, ~566, "-€1a, -apa, -382s - =299, ~470, =370, =504,
2.0 8.9 -840, -583, -642, -816, -658, -339. -855, -417. -560,
4.0 17.8 <« =860, -613, -714, -467. Z521. -303, -60A, -489, - -€01..
620 2647 -623. ~597. =675 s -4844]., =523, -397. -659., -478, -645,
8s O 38%.6 -650. -647., -713. -~464 , -~E86. . =832, -724, -534, -712.
8.0 35,6 -&676, . -636, -S71, -3093, =722, -759., -943, -810. - 1026,
10. .- 44,5 -65S5, -6T73. ~593, -4446, ~768, -787. -100S, -850, ~-1089.,
A 12,0 ¥ 53.4 -690. ~693. , =634, -446. ~828. -es1, -1098. -889. ~1143,
14,0 62.3 -670., =682, =642, -497, -880. ’ -Rg1., ~-1184, -Q4 4 , -1200.,
160 71.2 -641., -84 9, , =624 . - =481, =917, -93%5, - =1285, -98R, -1242,
18.,0 80,1 -665%5, -~708. -€213, ~5860. -993, -101t1. -1346. =-1076. -1304.,
20,0 B9, 0 -64%5, -705, ~634, -55%, -1043, ~1064. ~l4a7, -1107. -13R4,
22.0 97.9 -6565, -5688, -691. -586. -1124, -11612, -1872. -1190. -1493,
24.0 106.8 -645., =870, -703. -592. -1174, -1218, -1667, -1270. -1.581.,
26.0 115. ¢ -612, =679, ~682, -596, -1208, -1293., -1738., ~-1300., -1644,
28,0 124 ,5 =838, . =878, -865, -615. -12%8%3, ~-137a, ~1800. -IBQQI. -1714,
- 30.0 133.4 617, =707, -722, -688,. -1316. -1460. -1916. "=1434, -1842,
32.0 142,23 887, - =647, ~-730. -700. . -1392, -1618. -29234, -1502. -1994,
34,0 181.2. -623. -649, -690, -734, -=1516. -1720. -2184., -1642, -2086,
‘ 3640 160.,1 -&01 . . -523, -738% : -7600, -1548., ~-1780, -2270, -1736., -2210,
. : , J
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SPECIMEN SC1 ' . .
LOAD STEEL MICROSTRAINS ) CONCRETE MICROSTRAINS
kips kN 1 2 3 4 1 2 3
20.0 89.0 =65, 61, B4 -S54, ~ -86, -4l 66
40.0 1779 -1138, ~129, ~135. -123, -117, (95, -1

60,0 - 2669 - -220, =200, -182,. -170. -217, -183, -23§\\

_ 50.0 355.8 “356‘ . =329, -324., -3009., -350. -306. -3 5°-.z’:, -
10040 Q4484 .8 , ~384. =343, -339, =319, -364 . -320. -386.
- 120+ 0 33,8 ' ~4an, -416, -41%7._ -396. -840, -392, -459,
1‘800 6227 =530 5 "929 -498, -481 ., =518, =467, -832.
160.0 T11.7 -621. . -579, ~294, -581, =604 -55 3, -612.
180. 0 - 800.6 . =717, -666 -8590. ~680 .. -680, ~58 0 -695,
200.0 BAY .6 ~ ~-836, -7768, =811, -803, =794, =742, -~ T]R ,
22040 . 978.6 -950. -882, -Q32. . -931, -897., . =839, -8R},
240.0 1067+58 «1091. -1018%, -1080, ~1088%, -1016., © =084, -20Q8 ,
26040 115683 -1238,. =-1150, -1231. ‘=-1247, - 1134, -1090., ~1117.
280‘0 12‘5.‘ ‘1‘3.’. ‘-‘3,270 "1‘2“- -1464, -1 2760 -1253. 'l27°0
300+0 1334.4 1719, ~1580, -31€692, -1777. - =1459, -1466, -18492,
326.0 1480.0 -2000. -1874, -1938, -2080. -1638, ~1642. -1684,
269.0 1196,.5 -273, -302, -27 1. -349, -188, -328,. -Gs,

l. -0 5\
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o SPECIMEN SC2 c - /&
LOAD .

STEEL MICROSTRAINS ‘CONCRETE MICROSTRAINS
.. =
- s kips kN 1 2 3 1 2 ; 3
00 0.0° -998, -90S. - 1021, ~1190. -10313. -809.
. 26 11e5 -1196, -1036, -1190. -1403, -1312, =960,
Se 2 23.1 ~1220. -1050. <1190, -1484, -1383, -1000.
: Tel~ .34 4,6 . =-1287, -1088. -1194, -1537. -1475, -1050.
104 4602 ==ul300a -1064. « =1194, «1622. -1590. -1108.
N 13.0 57.7 -1348. ~ =-1370. -1195, -1711t. -1720, ' -1173.
1568 69,3 . =1378,. -1074. -1161. ~1775. ‘=1811, “=12200
18. 2 80.8 -1412. ~-1076. -1182. ~1866, -196 13, -1292. .
%0.8 92|‘ -1680. -1086. ~-1186, -1996, -2196., - 1394,
- 7 3.4 103‘Q~ “!52‘.7 =10Q4., =1188- - =208B6,., . -2352. - 1460,
26. 0 115,55 - -1558, -1 098, -1184, ~-2164, -2486, -1514.
* 2866 " 127.,0 -1590.  =-1102. -11784 -2246, -2634, -1572,
< 3le2 13a,6 -1644, BN Y- -1180, -2344, -2842, - 1&8Q.
337 150.,1 :+ =~1888, -1126. -1178. -2412, -3046. . =17t8.
! - - . 38:3 16147 -1722. -1134. -1174, -2458, -3210, -1776.,
L ~~-38e¢9 173.2- -1T72. ~=1150. -1174, -2508, -3474, -188%4,
l A41.5 184.8 . =1820 -1166., -1170., ~2546, -3782. ~1926,.
- 44,1 196, 3 -1870. -1188., . =1174, ~2%92, -3994., ~1992,
{ 4a6s 7 207.8 -1892, -1202. -11724 -2608, G -2042.
f A9.3 219,44 -1912, -1222. -1178. -2616, O -2108,
i . SLe9 230.9 -1926, -1240,. -1182. -2606, 0» -21704°
‘ ’ . B54.8 242.9% -1842., -1322, -15)02, -1716, 0. ~1548.
. ' 585.8 248.3 ~-1790. ‘=1 328 ~1%3a, -1614, -3660. -13s82.,
t . v ~ ) .
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¢ — SPECTIMEN 'SC3 ) , )
) . LOAD STEEL- MICROSTRAINS : - CONCRETE MICROSTRAINS
L kips - kN 1. - 27 3 4 , 1 2 3

' 0.0 0.0 -572, -234, _ 0 =62, -783, -816. - =831,
5.2 N 2301 -SQIQ —197. ' Oe =60 -8G1 . "936-' -9‘!0‘
- Te9 34,9 -1134, -432., IS ‘1—729. -1440 -3606. —130,60
10.4° 46,2 -G 18, -202, " —" . -78, = =984, -102%., - -1028.
1%5.6 9:3 -643, Y =209, be . =86 -1080. -1131. -112€¢,.
1%.7 9.9 -1126. -&424 , O, -739, -i520. -371{0. - 1872,
20.8 ° ‘ Q2.4 - =873, -222. Qe -104. =-1192. -1257, -1237.
23. ¢ 104.8 “«11%0, -476,, 0. -Z77 -1€32. ~3848., -1968,
. ,2Be0 115.5 =704, -234, O ~-121. -1307. -1403. -1356.

31.2 138, 6 -736. . =249, O» ~-142, -1427s . +~1877. ~1481
33,7 150,1 -?53.- -256, 0 —154. = =1496. -1691 « -155&

36,3 161,7 -774, "’262. Qe -~166, -15680. _ -1804., ~181
. 38.9 173.2 ~764. -267. Q. ‘~179., @1e21._ -1919. -1688,
41,5 184.8 -810. -272. Oe ~190, -1680. O -1759,
44,1 196, 2 -B4aG, -280. . . =214 -17862,. -2236.,' =1860.
“607 207.8 -848, ‘288_. .0 -223. -1818, -2382. -=1928.
49,3 219.4 -898, -292." 0. ~245, -19723 -2596, -2014.,
Ste9. 230.9 -932. '~300., 0. <261, -1982, -2B26. ~2090.
54,9 242.5 =974, =302, O s =283.4 -2006. -3164. -2170.
S7»1 2%4,0 -1008, -310. 0. -305. -2068. -3500. -2240.,
50.7 265,.,6 «t040. =312, (s )9 -323. ~211&. ~3882. -2294,
523 aT7.1 -1078,° =318, * (o J =345, -2182, . -~2348,
66,8 2987.0 T =1167 359, Q» -11l27a -2111., -3330., -2283,
’.7007 314.5 c=1407, . =349, Q. —#6070 -a61l. =480, -1897%,
62.8 279.5 -1637, -354, 0 ‘=2122, -641]., 725, =-2388,
. oy .
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e SPECIMEN SC4
* LOAD ' STEEL MICROSTRAINS CONCRETE MICROSTRAINS

kips , kN 1 . 2 ) A ‘ 1 2 3

0.0 O-gz - 349, -257., O -268% . =417, -353, -583,
5,9 26, -380. -2817, Oe -2813. -53S. -432e¢° -6593,
1.8 S52.4 - =810, X -261., ' O -304., ~-667. « =526, -BE2,
177 T846 =440, -258, 0. -325, -A01. -627. ~1045,
23.6 1048 -462. -245, ’ O. -352, ~Q78., -747, ~-1252,
29. 5 131.0 ~489. 4 -228. I -375, -1143. -912. -1%0S.
35.4 157 .2 ~-%10. -204, 0. -404.¢ -1369. =“1157. -1791.
Al 2 183.5 -521, =178, Oe -427, =1692. -1536., -2243,
471 209.7 =481, =142, Os -421% -1888, -1740, -2535.,
51.1 227.¢ -413, - -a8, 0. - -395, -1908. -1948, -2867.
55.0 244,56 -34%. 0. ’ 0. -379. -1716., -193a, -3037.
57.0 253.3 -221. 76 0. ' -335. -1430, -1890,. -2987,
S$8,9, 262.1 -7 162, * Oe -253, ,z-tooa. -1792, -2701,
60,9 270(8 360, 309, ODe =82, -044 , -19113, -1826.
62.8 279,.5% €S9, + 488, 0. T 127, -Q24, -2054. -1513,
64,8 288.3 1341, 739, . Ou 750, -771s =1707. ©=1208,
66. 8 297.0 2817, 1188, Qs 2081, - =S22. - -18%82, -1C81,

P
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- - . SPECIMEN SCS. X
: . LOAD STEEL MICROSTRAINS CONCRETE MICROSTRAINS
\___ kips kN 1 .2 3 4 1 2
P?7 8,6 L 262 » =18, -153, 20, -61," -173, -949,
11.8 S2.4 -28. 149, €0, -138. -408. ~-258, -216.,
177 - 78.6 176. 753. 43, -584 . . =982, ~-70%. ~600.
19.6 ‘87 .4 832, B76. © Ak . -384.,. -1185, -884, -75€,
e 21.6 964 1 . 838, 962, 130, -327. -1386, ~-1076. -88S5,
i 23. ¢ 104.8 992, 1069. 188, ~277 -1630., -1323. -1060.
25l5 11306¥/ 1!07- ll6°t 2200 ‘24!. -1787s -14980 -1188.
275 122.3 1154, 1206, 253. -223. -1936, -1664, -12
29. 5% 131.0 1131, 1190. 281, ~236, -20538. -1815S, -1
31.4 39.8 1177, 1226, 267, -238, -2108&, -1883, -1
334 148.,5 1187, 1230, 273, -234, =-2200. -1993, -1
35,4 157.2 1293, 1342, 349, . =104, -2514a, -2379, -1
373 166,0 1271 1328, I€G, -130. —-2498., -24S9, -1
393 174, 7 1481 ., 1572, 493, - 21 8, -2564., -287S. -1
41,2 183,85 1839, 1874, 585, 262, -2362. -3203. -2
43,2 192,2 1595, 1638. 709, 380, -2006., -2663., . -1806.
: . ‘502 200-9 !72 . 7510 866, 14‘5. -1609. ‘1305. -125‘.
47.1 209.7 1938, 967. 1190, 1952, -9499, -862, -604.,
49,1 218.4 2039, 2068, 1333, 2246, ~602. -745, -576.,
81,1 227, 1 2117, 2186, 1497, - 2604, -288, -561, -57a,
-3 PR 227ol 2179, 2352, 1728, 3156, -366., =769, -596.
X i $3.0 235, ¢ 2285, 2436, 1837, 3684, -2908, -717. -508,
\\_// . 55,0 244.6 2968. 2467, 1976. 4362, -3191. ~704, -603.,
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SPECIMEN SC6
) LOAD ) STEEL MICROSTRAINS CONCRETE MICROSTRAINS
kips kN ) S 2 3 4 1 2 3
3.9 175 -17e 33, -9, -28, 53, -7Q, -4 4,
‘7.9 ) - 34,9 -30. 69. 11, -21., -91. ‘l66¢ -39,
"f{le8 S2.4 -846. 182, 14, -34, -129, -278., -138,
15.7 6929 -89, 336, 2S. -22, -193, -392. -18%.
19-6 87.‘ -68. 486. q3o 6. -273. -5520 -250.
2. 6 104, 8 -60, 626, 126, a1, ~3a8, -738, -314,
‘ 275 122.3 -10s 772, 216, 10, -‘360' -t0t7., -43S5,
3Se4 157.2 567. 1099, , 40t, 193, -Br28. -1920. -1104A,
39.3 174.7 .B67 ., 1284. © 513, 2785, -1092. -2534, -1€28.
43,2 192.2 12013, 145&, €26, 35S, -1422. -3304. -1984,
, 471 2097 1277, 143R, 633. 329, ~1576, « 307, -21Q0,
5‘.‘ 227.1 1‘09. 1‘340 623. 2970 -1770- <307, -2475.
y $3.0 235.9 1581. 1594, 711, 356, -1944., -4931. -2782.
. 55.0 244. 6 1681, 1689, 746, 371 . -1984., -5381. -3042,
57.0 - 283 .3 1966. 2054, Qo €&, aé1, -207%, -65521 . - 3802,
58,9 262, 1 2161, 2309, 1olL6, 516, -1924, -6801. -4 867, )
59.3 263!3 2431. . 26%4, 1156, 696, -1184, -6171. -822.
60.9 270.8: 2681. 27 34, 1221, 986, -914, -5601. -232. -
3
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SPECIMEN SC7
LOAD STEEL MICROSTRAINS CONCRETE MICROSTRAINS

kips kN 1 2 3 4 1 2

0.0 0.0 - 106, - 138, 96, 206. T05. 1599

TS 34,9 104, -748 4 126, \71. ~-B2. 41,
l 507 6909 132- 550 - 1560 145. '269. "590
23, 104.8 186, 215, 184, 135, -493. -183,
3‘.‘ l39’8 285. 353! 187. 140. -727a -329.,
39,3 174,7 712, 482, 229. 206. -1132. -559,
47,1 209.7 Q8s, 542, 272, 268, -1812. -920.
51.1 227. Y 1064, 563, 291, 259, O -1146,
$3.0 23%,9 1108, 5873, Z9€, - 2E8, 0. -1230.
55.0 2‘506 118" 6“. 320- 268- O» -1428,.
57.0 253.3 1257, 637. 310. 254 . 0. -1541.,
5849 262.1 “ 13413, 668, 226, 287, O -1665,
60.9 70.8 1414, 694, 339, 302. 0. . =1784,
62.8 79.5 1469, 718, 329. 314, -2219. -2004.
64,8 288, 3 1873, 761 . 35S, 344. -1731. -2508.
66,8 297.0 1641, 793, . 379, 368, -1611. =3024.
68,7 305.8 1767, B85S, ars, 408, -1563, -3330.
707 314,58 1869, ARS, 433, 390. -1539, =3544,
T2.7 323.2 2019, g49, 431, 372, ~-1607, ~3416.
74,6 332.0 2201, 1058, €23, 400, -1633, -3398.
766 340.7 2319, 1099, 571, 406, -1589. -3504.
78.6 349,.4 2481, 1181, 629. 416, -1429, -3538.
80.% 358.2 1333, 156S. 643, 638, -1838., -3184,
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! - SPECIMEN SC8 , : .
D ' LOAD STEEL MICROSTRAINS CONCRETE MICROSTRAINS _ |
FoL T - kips - N 1 2 3 1 - 2 3
o -7y YT 3 =TT, 15, . T S -3 R & =55,
11.8 52«4 -26. 9l. 13, ~246, ~180. -162,
177 78.86 -18, , 248, 53, -391., -324. -~ 299,
- 23, 104,8 -8- 429, 1. -5%59, -87Q0. -455,
' ~ 29.5 l31-0 369 57‘. N 550 '741 [ 3 -6‘70 -615.
. 35,4 187.2 172, 767, S7. -1088. -Q64, -876.
) 39,3 _ 174,7 191, 800, 121, -1 280, ~=1134, -1021,
‘ 42,2 <1 s 2 188. ‘7813, 118, -1429. -1255, -1108,
[ 471 2 7 213, 799, 117. -1%94.,. -1390, " —-1213,
. h S1.1 . 2271 340, ALbL, 1L0. -1826. -1561. - 13585,
' 5€.0 284, 6 435, 84 % 122, Qe -1759, -1522.
\ ' 58,9 262.1% 582, aga, - 138, -2552, -1958, -1732.
62.8 279.S ‘S84, 930, “‘160. - -2986. -2212., -1960,
6608 297.0 ) o654, 98‘. lﬁﬁ. =3176, ‘13543 -1956.
70.7 314,85 730. L0AG, tR4, -2566. -AAR2, -1794, ~
b T4d. & 332.0 870. 1138, 190, =-1712. -684, -1112, ‘
- 76.6 340.7 1000, ' 1210, 22¢. -1462, -594, -%£132,
78, 349.4 1068, 12389, . 252, -1304., -5652,. =140,
80.5 358.2 1794, 1476, 472, -£38. =560, 138,
82.5 386.9 2098, 18542, - £330, -514. -62R, 128,
83,5 371.3 2616, 16558, 864, -464, -654., 44,
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g- P ’
/
: TR <=0
= T - - - - -
; - SPRCIMEN SC9 \
LOAD . STEEL MICROSTRAINS 4 ? CONCRETE MICROSTRAINS
kips kN 1 2 3 4 A | 2 3
‘ 00 0.0 “1te 0. -2. -23. -3. % =7 =15,
. - 17.5 =11, O 24, =316, -182, |, -162. ~ =128,
7«9 34,9 -l y Qe €7 =22, -294, -3413, -258 .
! 11 .8 524 292. Qe - Q6 A8, =524, 635, -869 .
15,7 69.9 649, O» 173, 144, -812. -QG6. -711.
e 19.6 87.4 608, [+ I £0. 254, -1201. . =lLa65, =365,
23.6 ‘104. 8 778. Oa 304. 457, =1724. -2150. -1278,
275 122.3 982, Qe //3260 s 38 3. -2212. -2878, -160€.,
. 314 139.8 1104, Oe A72. 811. -2714. -3834, -1982s
38,4 187.2 1329, O» , 643 1332, -3223. -85325.° -2590,
39.3 174,77 1684, Oe 858, 1832, -3478, -638S5. -317%e.
A3.2 192. 2 2060, Qe {286, 290%. -3170s «2330. * =2113.,
i 471} 2097 Oe _ O 1698, 8217, . -2058, -104L, =618,
- 49,1 218,4 Qe (+ IS 1784, O-e -72152% -068, -498,
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) SPECIMEN SCl0 i
WA ‘STEEL MICROSTRAINS ‘ CONCRETE MICROSTRAINS %
. kips kN 1 2 3 4 1 2 3 ;
. 0.0 0.0 -14, =17 0. -16. -12. - -14. . =12
3+ 8 17. 8 . 10, O [+ I8 -52. =30, ‘=Bl
Te® 34 .0 3. 13, O -8 ~ 106, =70, -123,
11.8 82.4 4, 12, O ~-16, -163, -118. -196,
N 187 69.9 11, 27, Q. =25, -237, -181. » =298,
19,6 B7.4 26, 112, Q. -0 -321. -248, -298,
23.6 t0A.8 17%,. 624, (VY 49, =558, ~445, -671,
. 27.8 122.3 289, 786, 0% Q6, -713, -586, -88%.,
Jle4s 139.8 402, 899, Qe 129, -B75, -T48, -112Q.°
3C. 4 157.2 108S., 1081, [+ 38 179, -=1261. -1142, -1709.
39,3 174.7 1164, 1153, Q. 198, -1512. -1438%, -2078,
- -43,2 192.2 1204, 1257. Oe 226 . -1680, -1681. -2372
- 47e} 206.7 1588, 1409, O 282, -1780, -2027, - =-2668.,
. 5.1 227.,1 1530, 1427« Os 312, -1608, -2501, . =1744, f
55.0 284,656 1682, 1Sl L 0. 364, -8A8. -1573,. «-G80., b
. " 58.9 262.1 1877. 1578, Qe 432, -6811. -]1032. -533. 3
B ,5009 270.8 2096, - 1679_0 Qe 512, -848, -878. -802.
628 27995 2336, 1867, Da 820, -356. -831, =700,




fort
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e

N RO PP 5= 50 50 50 0 1 pus ot 0 Pt ot 4ot §

SPECIMEN S5C11 -

- LOAD STEEL MICROSTRAINS CONCRETE MICROSTRAINS

kips kN —1 2 3 4 1 2 3
20.0 89.0 -34, -3 34, =101, -24, =16, «76
40.0 177.9 -4 -7%. 62, -169. -112. -51, -177.
60.0 266, 9 -27 e -114., T6. ~186 . -300. 182, ~32100
80.0 315%,8 ~-21, -178, o%, -117. =508, 69, ~A36.
Q0. 0 400.2 ~27ep -16 2. g€, -72. -£24, -26, ~509.
100.0 444, 8 9. -116, L14, 67, -737, -115. -562.
10,0 489.3 29, -86, 111, 181, -853, -1446, 502,
2040 533,.8 %4, 10. 108, 26%, -977. -171, ~€44,
30.0 57842 A%, 7Q. 10%. 389. -1209. -34Q, ~8571.
40.0 622.7 110. 84, 108, 409. -1370. totl, -579,
50.0 667.2 135, 99, 124, 463. -1837. 171. -6684 ¢
50. 0 7117 188 129. 179, 53a., -1713 16. -674,
70.0 78602 245, 148, L3208, 584, -1764, -274, ~-£59,
75.0 778+ 4 307, 187, 467, 627, -1799, “-t13, -63%.
80»0 800.6 333. 166, 547, 652, ~-1814,, a3e. , =639,
85.0 BR22.9 369, 178, , €40, 68% ., -1828, 456, -~£33,
90.0 845.,.1 413, 190, 739, 720, -1832,- tL1a6. =604,
8.0 B867.4 471, 208, 853, 784, -1805, 1913, -553»
00.0 889.6 523, 2l 2. 968, 796, -1793, 1894, -8522s
08.0 gii. & 596, 219, 1129, B840, -1783, 1788, -4 34,
100 93‘.IQ 668, 226, 1274, 872 -1721, 1602, ~509.
'500: 936.3 733. 2‘2' l.78¢ 5580 -1619, a2pe, -4 94,
220.0 978.6 923. 247, -~ . 838, ~14Q09. 4803, -484,
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SPECIMEN SC12 - o
. , LOAD - STEEL MICROSTRAINS ) CONCRETE MICROSTRAINS
i
. kips. - kN 1 2 3 b4 1 2 3
3 20.0 89.90 4. as, 67 81l. 44, =-168. 14.
4a0D.0 177.9 TES 2, 90. 50 24. ~204. ~-38,
- - 60.0 266.9 96 . ~8a. 90. 1t. 5. ~384., ~31.
1 — 80.0 355.8 103. ~50. 92, -25, -20. -564, = =147,
i "100.0 444 ,8 108, -~78. 93, -768, -46, -~ 3G -202s
: . 12000 533.8 113, ~-97. 9%, -122. =64, L9013, 246+
. . 13040 578.2 117, -108, 96, -152., =67, ~959, -261.,
H 140.0 €22.7 _ 124, -10%, Q7. -193, -62, -90E&, -264,
i 150.0 6672 128, -111. 104, -223. 67, -1084, -299.
i 16040 7117 139, -132. 110. -231. -83, -882., -388,
¢ . 170,0 756, 2 155, -167. 109. -227. -87. -734, -836, -
S 180, 0 800.6 188, -210, 105, -223, =59, - =544, -1084,
¢ 190.0 845,) 261, -256. 114, -211. -13, . =386, -1263,
Gy 200.0 889.6 356. -264., 135. -202. 42, 199, =938,
- .~ 2'1200 $43.0 446, -103, 226, -231. 227, . ~202. -4 8,
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- - SPECTMEN SC13 . .
3 ¥ ’
h LOAD ‘STEEL MICROSTRAINS ‘ CONCRETE MICROSTRAINS
N kips kN 1 2 3 & 1 2
! k3
: 20.0 89,0 100, 35. 113, 2. 29, 103, -
- 40.0 177.9 “B7 -8, 113, -6%, . -68, 85,
60,0 - 266.9 6;\: -5 112, -111e. -239. S0,
: 80.0 355.8 s -117. 120, -124, -439. 16
- 100.0 &AL, 8 57\ . =~181. 127. -6l -645, -27 s
110.0 AB9.3 68, -196, 127, 27, =776, -48,
120.0 5£33,8 - 100. -178, 150, 159, ~866. ~87.
!’30‘_0 578.2 , '.3?; -l°3. 196. 265. “8970 "1350
140.0 8622.7 . 176, 7. 252, 353, -888. -225%.,
-180.0 667,2 231. < 244, 15g, 448 3, ~704. -311,
N 160.0 Til.7 351%. 602, 532. %49, ~504. =543,
. 170.0 786.2 B Y-1. 79 1390, 654, 635, -183, ~T76 .
. 180.0 800.6 538. Ooe 57, 721, 20, -956,
v 190.0 B4S,.! . 826, . O 34, 199, 279, -1276.
200.0 289.6 &27., (1Y 1069, 726, 499 o -1366.,
210.0 934,1 764, O 18458, lOQé\.})I 207, -665 .,
- N $
\ -~ .
- _ ‘
d —
BT B : ~
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: SPECIMEN TC1 \
LOAD ° STEEL MICROSTRAINS CONCRETE MICROSTRAINS
kips kN 2 3 4 1
0.0 0.0 0. Je Q. Do O.
549 26.2 2 S1l. -8, ~-16, -24,
loB 52.4 191 -3, -7 -14, -1t1.
7.7 78. 6 73. 89, ~-10. -17. " -237,
3.6 104.8 Ltle LS50, ~5e -2 -332.
9. & 131.0 174, 344, 19, 46, -4320.
S.3 187.2 291%. 360, 128, 120% 522
1.2 183.4 395, 3al1. 29 1. 199, -680.
Tel 209.6 468, 407. 454, 295, =1024.
7e9 213.1 511. 3ag, €65, 527 -698.
Sel 111.8 442, 325, 593, 483, -428.
To? 78.6 413, 297. 586, 4?5, =402,
9.8 43,7 342, 229, 509, 371, -391.
0.0 0.0 189. 100, AQ05, 248, =373
Q.0 0.0 182, 115, 130, 235%, -367.
lloa 520‘ 3 2ﬁ7o 2!2. 374, 27 2. -391.
17.7 78. 6 351, 269, 417, 302, —-391.
35,3 187.2 S$01. €98, 480, 380, —844,
41.2 183.4 538. 359, 522, 415, -499,
47,1 209.6 S7T4., 3 390. s81. 446, -518.
5300 235-3 606, 419, b ESLe. S68., -419.
569 253.3 595, 408, 892, 1L, =384,
58,9 262.0 571, 538, 926. 1015, =328,
3.0 235.8 302, 760 . il 1012, =334,
29. 5 131.0 e23. 703, 789. B834. -278.
11«8_ S2.4 121, 884, £68. 874, -281.
" 0.0 00 82, 282, 476, 413,

-~
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SPECIMEN TC2 . ‘ \
LOAD . STEEL MICROSTRAINS” CONCRETE MICROSTRAINS
kips kN . ' 1 2 1 2 3 4 o 5 6 .
O-Q 0.0 Oe : Qe * - .

13 5.8 -E3. - -8 -&7 . =71 -4S, -2, -1 -25.-
2¢6 11.85 115, -31. ~116. -143, =104, -2 -14, -31.
3.9 !7l3 160. -4 4 , ~-175. N =205, -150. -5 -29 - ‘42.
S»2 23,1 203, ~-56, ~284, -270, -200. -12, -47,. . -56,
6.5 28 .9 2813, -7 2 ~317, -33S5. -252. ~21. -71. =76
7.8, 3\"6 305, ~82, . ~397. -304, -306. ~-29, -02. -G A,

9.1 000.4 356« ~89, ~485, -377 ' -362. -38, -112, - -115. ~a
10.,4 ab,2 4 08, =96, -S74., -549, -317. ~49, -132. =132,
117 52.0 454, -101. ~567, ~526. -476€, ~59. -151, -149,
13+0 57.7 499, . =106, -759. -A9, -531. -68, -169. -164,
14,3 63.5 S44., ~108, -8R1 -7G5, ~605., -84, -162, ~-181,
18. ¢ 693 891, - =110, -7, -882. -668. -38, -2168 -191,.
16.% 75,1 638, =107, -1141., -9Q0. ~Ta44, -118. - =258, -194,
18,8 83.7 i 69S . =114, -1370. ~1171& -86%,. R -1SQe. -283, -212,

—~ 19, & 86.6 720. -118, -1478., -1260, -Q929., =166, «3Q7. -218.

- .20.8 Q2.4 . 759. =117 -1604. -1357., -993. - =182. -329. -232.,. -
22e1 98,1 800. ~-118, -17&7, ~-ra89, -107&, -205., -352. -246, .
23.4 103.9 836, -118, -1952. . =-1612, -1181%., -238., -371. ~-255.,

. 24-7_' 109.7 878, -113, -228B2. -1869, -1210. -27 3. N =400, -262,
L w2, 260 115.5 916, -10S., -3606. -2112, -1460. -313. -42a, -270.
T27e3 121,2 $58. -~97, -2890., -2344 , -1610, -351., =454, -274,
28.6 127.0 994, ~78. -3302. -2707, -1832, -399. -486. -266 4
298 132.8 1020.. -84, »3776. -3336. -2170. -471 ., ~-535., -235,
31.2 138‘6 1070, ~14., -3541. -39650 -28685, -5468, -605. -200.
2.3 143.8 1110, 81, -1733. R -3792, -314%, , =631, -780. =40,

3[03 13901 11‘5. 31!0 - «-3%46., "692- -1335. ~-1951, 1775u 50. ¢
0.0 0.0 15. 10, N =156, -1541, -1228. -516. §557. 29.
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T ) SPECIMEN. TC3- ' o
. o Ny
! LOAD o= STEEL MICROSTRAINS CONCRETE MICROSTRAINS o
l kips " kN L 2 1 2 3. 4 5 ” g
doo 0.0 Oe [« 7Y - <
1.3 5,8 8le 96 . -152, -3, -33. Oe -84, -140,
2. 6" 11.5 164, 200, - -384, ~214, -80. 0, -128, -316.
3:.9 * 17.3 209, 270 ¥ =570, -321. o=~117a O -{Q7, . -478.
5.2 23,1 262, ‘ 346, =758, -a32., ~1568. O -261., -630,
6.5 28.9 32‘. IS 445. -10300 -6502. -220. O -350- -5 2.
‘p703 3‘-6 3670 533. - “‘32@0 . -7Q7 -300. Qe -458. ‘lll‘o
. 9.1 40.4 T 428, 629. ~=1669., -1020., -401, 0. -602., -1464,
‘) 10.4 46,2 488. 718, -19Q3, -1278, =530, O -766. -1981.,.
11.7 5200 \ 5856, B8la. ~2284, -1823. 650, 0. -Q42, -2474,
13.0 57.7 640, 918. -2576, -1903. -a7a. 0. -12%52, -3171.
1‘.3 63.5 - 734, 1026. -2491 o =2353. -1204., [+ I -1660., -3193.,
15.6 ! 69.3 a3z, 1130, -1874, -3206., -18%50. 0 -2458, -3366,
16,2 . T2.2 927, 1210, -974, -1976, -20SE, O -11583, -1848,
16"9 75.1 2067. 1330. "B3Q| -Q31., -19?5. O -993. '1296.
17.1 76,2 T ot212. 1400. ~837. -556, -1775, O -a&68, -1138,
e 170 8 779 1272, 1450, -7 29 - 1524, =680, O -958. -84 3,
T 14,8 o 66,4 1262, 1360. -719, 1309, -520. (o Y -9%58, -R33,
0,0 Q.0 37, -85, -&84, 269, -220. 0. -008. -R96 .
"54 . 14
" ~ o - Kl
: ot ¢ 3 .
. . i .
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i SPECIMEN TC4
I Loap . STEEL MICROSTRAINS ) gpucu{m MICROSTRAINS ° .,
, kips W 1 2 -3 4 - | 2 3. -
T o0 ‘Y] ~0 0. - 0. ~ ° Os. 0 va 0, 0. .
< 2¢6 . 118 ., =19s 48, 110, -29, -84, -16, -§54, - A
o o 5.3 : 2443 -28, 128, 243, -89, -171. -%1, ~-172, "
Te8 34.6 313. . 2563, 336. 153, ~404', -98, -4 30, . -
* 1094 46,2 S14, 362. 424, 454, ~647., -18%, -813, R
1300 577 . 691 474, 523, »673. -913, -322, T = 1249, i
v " 185. 6 - 659+ 3 1591, 596% 623.0 873, -1190. -554, -1697, ° C
18,2 ~—— 80.8 2074, 712, 729, 1077, ~1806, -884, -210%, . . .
. 20.8 Y2e4 2696, A4, A2€. ‘1289, ~1893., -1250, -2469. * . /- 1 -
= 23.‘ 1 03-9 [+ 29 1004 . 1053, 1508, -2032. -1\7733~ -‘27770 ] . o —
A 26,0 115.5 3731. 1060. 3466G. 1958, =-2016% -651, -1616€, -a
24,7 10947 0. 1225, ‘3794q, 1595, 699, =276, «1096." " -, 1,
0.0 ~ 0e0 219§, 635, - 1844, 1468, e < !
- } N ‘@‘ . . \ . ‘
e ‘ R "
X ‘n-. ‘o . - s Y
Tl ) N . h ~ < < . - i
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