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This thesis presents the results of twenty one tests of precast concrete 
'\ 

connections inèorpol"llting embedd~d ~tructur~! steel members. The effects of 
. .. , 

axial load, concrete cover, presence of additional reinforcement. shape of ~ 
, , ' 

<.) , ,.' , 

.~, , 

. embedded member and type of ,loading on ,the behavi~r, of the connection w~e 

S~~~d' A rational anaIYtiC~{ model was develo~ based ;,. equilibriUJII 

,;uld, strain compatibili~. Based on ~tîe analytical model which was devel~ped 
, t ;! 

and on the experimental 
)S\ a'" ,"p 

method is compared" with 
\ 

~ 

resul ts,. a design met~ was ;Ql'lIIUlated. ' This design 
l 

the des'ign approach adopted in the second edi tion 
";> 

of the Prestressed Concrete Insti tu te Dèsign Handbook. ' 
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R~SU~\ 

, Les résultats de vingt-et",n eSlSaiS,:dlassJ~'1a' es prê abriquês de 

~ton avec des profiHs d'acier cÎe char~'nte sont prês~n s . .1 ~es effets ~e' 
1. ' 

, la charge :axiale. du recouvrement de béton. de la pr~senc d'armature , ' , , 

supplémentaire, du profil du menbre encastré et du type de\charge sur le 

comportement de l'assembl~ge so~t etudiés. Un modêleanaly~iqUe rationnel, , 

fut mis au point,' basé sur les conditions d 'équi1i~re statique et de 

campa ti bil Hé des dé for~ tio ns ~ro porti on ne 11 es. \ ' ' ' 
, 1 ,.n~ 

, Une méthode de'ca~Ul basée sur ce modèle ainsi que sur les 

résultats ~x~rimenta,~x fUr~êVel0Ppêe\ Cette methode est canparée avec 

.celle util fsée dans lalnde édition du manuel de calcut du Prestressed 
" \ 

Concreœ lns ti tu te ~ 
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CHAPTER 1 INTROOOCT~ 

1.1 The Advantages of Embedded Steel Members in Precast Connections 

1 

Embedded structural steel shapes have been pop11ar for many years as 
" , 

conne~tors in precast concrete construction. The advantages of this type,'of 

,~connection over other precast connections has encruraged its use in precast 
, r' 

panel connections and in beam to 'column connections as shown in Fig. 1.1. 

C~nect~ons made 'by embedded stxuctural steel members in concrete have 

the following advantages over o;t:her types of. precast connections: 

1] 'the',connection strength does not depend on welding and 

" 

/ 

,,~ 

is therefore more reliable than some ot;her types of 

connections. 

2] the connection is simple, requiring no"special formw~rk 

or/reinforcing cages 

3] " ·the simp1ici ty of the connection makes it m~re economical 
, 

.' / .... ..,1 

than other types of connections. 

4]' the connection can be easily designed to attain the ful;' 

strength of the embedded steel member which resul ts in 
~ 

larger ductilities 
;' 

;and S] the sttength of thes!' co~ections 
construètion errors. 

is not as s .. s:~to 
/ 

.' 

.' 

Due to the increâ.sing popularlty of this type of wecast connection 

there is a need for a ra tional de~ign method based on, an UlIder standing o~ 
,l 

the bellaviour of.,.these connecti.ons. 
" 

J 
r 

/ 
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1. 2 Backgr oond 
J 

'Currently there is little info~tion on the behaviour of prècast 1 

.. -".... .. 
co~ect1ons lncorporanng embedded structur~l steel members. The strengtli 

\" ~ 

of these connections depends on the width of the 'struc;tural steel~member, 
, B ' 

the embedment length of the ste~l,membéT, the concrete strength and the 

e,ccèntricity 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 ~xtended by Raths (2) to include 'the 

effects of additional reinforcement welded to the steel member. The Second 
-

Edi tian of the PCI Des ign Hapdbo~k (3) inc ludes eqUa tians for the des ign of '''-, 

these connections with and without adc:titional welded reinforcement. 
~ , 

Al though som~ precast cancre te fabricators have performed tes ts on 
c \) ,{,\ r; 

(.1. <, 

these types of connectibry"s ,the results are nQ,t generally available •. In view 

of the absence of experimental éVidence in the litera~ there--1S a needifor 
':, {lfl 

1 • I,t: 
an experimental inves t~ga1;ion of the behaviour of these types of connections. 

1.3 PCI Design Method 

1.3.1 Embedded Connections Protruding frc:m One Si de 

The PCI method is based on a nUllber of 5 iJIIplifying asslIDptions which 

are meant to conservativelyapproximate the COlRpleX bearing conditions occuring 

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

at ultimate is assumed ta have a width~ h, equal ta the width of the embeclded 

. steel aeeber andra depth equal to one third of the ~edment.length, 1e' 
i,..F ft , 

The stress block has a uniform stress of 0.85 fI and the coapressive strain , c 

at the front face i5 assœed ta be 0.003. 

'. 

.. ' . ' 
) 

l ' 

" , 
, " ~ 
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The resultant compressive force. s,. at the back qf the embedded 
\. 
1 

mE!lllber is assumep to be located at 11/12 1e fran the front face of the 

column. 

The stress resul tant, Cf' on the front face is given by: 

Cf = o. 85 fI b 1 /3 c e (1.1) 

~ . where f~,. compresslve strength of concrete 

b =llIIfidth of structural steel member 

1e ,. embedment length of structural steel member 

Taking moments about <b gives: 
,. 

( 

Vc ~1l/12 1e) ,. Cf (3/4 1e) (1.2) 

where Vc ,. naninal capaci ty of the connection 

a '"' eccentricity:'pf the load fram the 

~, ' 3e
f 

'.d<.-

therefor!,: V c = 3.67 + 4' aIR. 

Substitution for Cf gives 

r 0 .• 85 fI b 1. .. c e 
Vc = 3.67+4a/1 , e 

e 

face of the column 

,', , 

(1.3) 

(1.4) 

~-qon 1.4 15 the Pq ultimate capacity of the connection when failure 
\ ~ , 

takes place in the concrete. 

1.3.2 Embedded Connections Protruding from 1'wo) Sides 

'" ~ For situations where be8ll;$~:'frame into both"sides,,;'of a cCflUllll, a 
" / .. ~j _:_,~ r:. c r' 

connec n as shown in Pige ,1.3 may be usee!. 111è' asSUlllption of an equivalent 
'"JI 

~ " 

reetangular 5 S5 black over a distance of 1. /3 frœ each,fice of the col1111l , e -

leads to 'the fOlloWitl~ PCI ,design equation: 

Vn • 0.85 f~ li li3 (1.5) 

where Vn 15 the st:tength on each sida of the steel ._be~ as gove~ by 

0' 

i 
1 

~J 
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" 
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l 
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Q ~, 

the capaci ty of the' concrete.: 

1.3.3 Embedded Connections with Mditional Welded Reinforcement 

Raths(2) has extended the PCI Design Method to inc1ude the effects 
, j 

of additional welded reinforcement"on the strength of embedded connections 
f' j r-­

wh~ch protrude fran one side OOly. Figure 1.'4 illustra tes Ra ths assumptions 
f'" t 

of the strain distribution at failure in a connection containing additional 

-we1ded reinforcement. Raths assumes a linear strain distribution with 

a maxiJm.un strain of 0.003 at the front face of the column and zero strain 
( , 

at a distance of i. /3 from the front face. The addi tiona1 reinforcement is 
• ,'v e ~ 1 ~ 1 

of te' ~ .. -

we1ded ta the structural steel member 'and is assumed to act at the locations 

of Cf and s,. 
Tating moments about ~ and assuming that the steel yields gives: 

v . (a + 11/12 t ) = A f (3/4 ~e) r e s y 
,1 

, " 
(1. 6) 

area of additional welded reinforcement at the front of the 
" 

steel member 

.:r.. = yield stress of reinforcement 

'v = additional capacity of the connection due to the reinforcement r 

'nlerefore: 
3 A f 

V = s y 
) 

(1. 7~ r 3.67 + 4 ahe 

. which is thé PCI design O<juation for the additional capacity o~ a.col1llecu.. 

due ta the welded reinforcement. 

As~ing the steel near the back of the column yields, equilibrium 
" f 

,1 

of verl.ical forces gives: 

V .. A f - A' fy r 5 y S 

\ f 

(l.8) 

/ 

"",.'. 
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5 

where A' is the area of the additional reinforcement at the,rear of the s ~, 

connection. 

Substi tuting Equation 1. 7 for V in E.quatidn 1.8 and rearianging terms 
r 

results in 

(1.9) 

Equa!ion 1.9 gives the requi~ed area of rei.nforcing steel near the back 
, ... , ~" J. "" 

of the, 5 tee 1 member. 

1.3.4 Comments on the PCI Design Méthod 
l! 

rJ, 

There are a number of asswnptions used in the }léI Design Method which 

appear to be inc9f\sistent. The neutral axis depth of the assumed stt-ain . 

, distribution coincidfils with thfil depth of the equivalent rectangu~~ stress 

'blo'é:k. This is inconsistent with the weIl known flexural the ory for r~inforced 
)1. 

concrete. The PCI Design Method assumes a constant depth of t /3 for both 
e 1 

the strain distribution and the equivalent rectangular stress distribution. 

This depth should not be constant but should vary with the eccentricity of 
/ ' 

the applied load and,with the area of additional reinforcement. Equilibrium 

condi tions are violated since the strain distribution is not chosen to ensure 

that: 

(1.10) 

1.4 ObjectivéS of the Research Program 

An experimental investigation of ~ecast connections incorporating 

embedded steel members is needed in order to devel~ a rational understanding 

of the beha'lliOur. The main objective of the experimental program is to develop 

a rational analytical model of the bohaviour.of these types of connections 
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on which a design procedure could ,pe' based. The experÏÏllental ryogram enabled 

a _s~dy of the effects of the following variables: 
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1] the, axial load on 

3] 
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the sh pe of the embtedded 5 tee! member 

the the connection 

a) Illre moment 
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b) ,embedded member protrud'ing.-from: one side of colbmn. , 
c) embedded member protruding fr~ oppOsit~, sidés of col~. 
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Figure 1.1 Typical wall panel and beam to column connections' lncorporating embedded 
stn.tctural steel members 
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CHAPTEL' 'EXPERIMENTAL PROGRAMME 

TItree different ~eries comprising'-~~ t~tal of' twenty-one embedded 
Il 

member column connections wel'e tested. The ,concrete strength, the emb~dment 

length J)f the stee.l. m~~e.t~ th'e .eccentricilY of the applied load, the 

specimen dimensions, the type of embedded ~ember and the failure loads are 

given in Table 2.1. / 

! 
\ 1 

'2.1 Series 1 1 1 
The fOU; emb~d~d member cOl~~ connections. specimens Cl to'C4, of 

-

the first series were used as pilot tests to identify the modes of "failure 

of the connections and ta refine the testing procedure. AH four specimens 

incorpora'ted 4 in. x 4 in. x 0.250 in. (102 mm x 102 mm x 6 m) hollow 

structural members protruding from only ODe side of the column and had embedment . / \ 

lengths of 6 in. (152 1ÎIIl). Each colU11ln was reinforced with four #4 bars and 
1 

9contained 113 Hes at 3 inches (76 ,mm) center ta center. ' The four specimens 

in this series are described in Fig. 2.1 and in Table 2.1. 
."s 

Specimens Cl, C2. C3 and C4 were tested under axial loads of 1 kÎp 

(4.45 tH). 30 kips (133.4 kN), 60 kips (266.9 tH) and 90 kips (400.3 kN) 

respectively. 

The embedded hollow structural steel member for specimen Cl was 

bloclted a't. iU embedded end such that concrete did not enter the hollow tube. 
1 

The test results of specimen Cl indicated excessive local bending of the thin 
1 J'" 

walled.hollow !itructural section due to concrete bearing. In order to alleviate 

this difficulty the embedded hollow structural steel members for specillens 
, , 

C2. 'Cl" and C4 were filled with concrete along their eIIbechent lengths. 

~ll-

\ 
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2.2 Series II 

A series\ of thirteen embedded member precast column connections' were 
• 1 -~ 

tested. Each column contained four 1f4 longitudinal barS', and 113 corÙÎlm ties 1 " 

at 3 inches (76 ~) center to center. 

,/' 
2.2.1 S~cimens Under Axial Load 

Five specimens (SCl, Sel, SC3, se4 and SCS) ~ere tested with 

varying degrees of a~ial load. AlI \specimens incorporated 4 in. x 6 in. x 

0.375 in. (102 lIIDl x 152 lIIDl x 10 m) tuow structural members protruding from .. , 

one side of 'the column with an embedment length of 7 inches (178 II1II) as shown 
\ 

in Fi~. 2.2'. 
, 

Specimen Sel was tested under pure axial load. Specimens SCl, SC3, 
-<.> 

SC4 and ses were tested under axial la~ ~f 240 kips(1068 kN), 160 k:ips(712 kN), \ 
Q 

,r~:80 kips(356 kN) and zero axial load respectively. 'The pul'pOse of these 

tes'ts was ta determine the interaction betweËm the axial load on the column 
\ 

and the capaci ty of the connection'. 

2.2.2 Specim~s~ wi th Embel'd Memb~S Having pifferen t Cross -Section Shapes 

Specimen SC6 incorpo ated a 6 in. x 6 id. (152 m x 152 mm) wide flanged 
(. , 

steel memb~ with a weight of 25 lb/ft (37 kg/m) which ~s modifié«! by cutting 
, " 

the flanges such that the flange width was reduced to 4 inches (102 mm). This 
.., 1 fJ-

specimen served as a cOIIlpanion to specÏlllen ses and was cbosen such that the, ' 

widths of the embedded sttuctural memben- were identical and their moments of 
l 

inertia were comparable. ~'l1lo JUrpôse of this test was to study the effect. 9f 
, 

shape of the embedded steellllember on thé response. 
" 
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2.'2.3 Specimens vith Additional Welded Reinforcement 

Two spec; imens. SC7 and SGB were identical to SCS ex the 
- u ' , 

addition of e1ght 1#3 bars welded to the 6 in. x 4 in. x 0.375 in. -'GIS2 IIDD x 
• < 

, • i) 

~02 JIml .... x ·10 Jœ) nollow structural member as shown in Fig. 2.3. The purpose 

of these two tests was to study the effects of addi tional welded reinforc~en~a 
, \ 

on the response of the c~!lections. ':. 

2.2.4 Specùnens with Different Concrete Covers 
. . , 

Specimens SCS, SC9 and SCIO had the s~e column reinforcanent and 

concrete strength but had different concrete covers as can be seen in Fig. 2.4. . . , , 
" y 

The details of the cohan re~nforcement are shawn in Fig. 2.2. 
. \ . 

Specim~s SCS and $.CIO had c1eari concrete cove~s o~ 1/2 in (13 1lDD) 
r '\ ~ "," 

and 1 1/'1. in {38 mm) respectively. Specim~n ~9 had zero concTete cover. 
lOI\ t> ~\-' 

The embedded steel member was placed in the sue position relative to the 
1 

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

the effect of concrete coyer on the response of the connections. 

2.2.5 Specimens with Pmbedded MemberS Protruding from !wo, Sides 

Three specimens vere tested vith embedded <steel members passing through 
f 

the column and p:rotruding frœ each side. . Specimen sen ,c~tained a 6 in. x 

4 in. Je 0.575 in (152 DIlI ~ 102 mm x ,10 mm) holl_ow struca:.~tee1 mem~~r 
and vas tested vith a 4 in. (102 DIIlJ eccentricity trom each column face. 

S~imen SC12 ~pcorporated a vide flanged steel-m~ber .which had the same 
t! _ . ~ f if'''~: _ 

propèrties as the one used in specimen SC6. Specimen SC)3 was identica,l to .. 
: .• ' . ~r.:: s~~eri' SCll. ;. The puipos~ of tbese tests was to study the b'ehaviour of 

\1' 

precast connections vith embedded steel members protruding frœa tw6 sides of 
r ,1 , '-:L 

the colUllD. 

" ' 
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2.3 ?eries III 

The third sEjries compris-ed a total of ~r specimens J TCl, Te2 J TC3 

and TC4. The first three specimens incorporated 4 in. x 4 in. (102 Dm x 

102 mm)1 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 memper with the same properties 

as the members in Series II. o 
,l 

Specimen TCl was 16- in. (406 mm) wide and 8 in •. (203 mm) deep as soown , 

in Fig.' 2.5. The colwnn conta~ed four #8 longitudinal reinforcing bars in . 
ordet to prevent flexural failure in th~ 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 isola te the embedded steel member from 

the lQngimdinal reinforcement. In addition~ the wide colwnn and large column 
l ' 

1 

fle~al capacity together wi th a rigid emb~edded steel member provided conditions 

',,:;'- that WeTê ~avourable to spreading of the compressive, load in the concrete. 
~. 

The purpose of this test was to study the extent of load spreading under very 

favourab le condi tians. 

In each of specimen~ TC2 àndo Te3 two styrafoam blocks 8 in. x 8 in. 

x 2 in. (203 mm x 203 mm x SI mm) were cast in the column adjacent to 'the ,-
'embedded steel member. This resul ted in a reœced 4 in (102 mm) width of 

. concrete above and below the embedded steel member as can bel seen in Fig. 2.6 • .. 
Ttp'pUrpOse of these two jpecimens ~ to J&'event load spreading by limiting 

the effective width of the cemcrete ~ bearing. The known effective width 
" • , Of 

, . 
_ together· with uniform bearing proVided by the rigid embeddeci lIlember' produced 

\ 

idealized conditions suitab1e for the developDent of an, analytical IIlOdel • 
~ 

Both of these specimens had four '5 longitudina, reinfol".cing bars 
, , ; 1 

and'3 colUlllJl ties at 3 in. (76 m) center to center. / Specimen TC2 bad an 
" , 

embedll.eut length of 7.25 in. (184 ma) with the embedded _.er protmding fl'Oll . -
? 

one side 0I11y. 

.. 

\. 

" 

, ~ , 

'. 
,,' 
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, ! 

The solid steel member in specimen Te3 passJd through the cahon and 

protruded fran both sides giving an embedment length of 8 in. (203 mm). [This 

specimen was test~ under pUre Manent as shown in Fig. 2.7. The ptarpose of 

this' test Wl)S to study the behaviour of the conneétion under the simpler 
J ' 

/ ' 

loading cor;~tions of pIre moment in which the strain distributions and the 
l' ë .-

effective~width are bath known. 
/ 

.. Specynen TC4 containèd a 6 -ln. Je 4 in.-"x 0.375 io(152 DID x 102 Dm x 10 Dm)-
~l... . ,_ --~, <, ~ ~ 

/ ,,1 t.. 'if 

~ollOW st:rtil!:tural steel member protruding from both sides of the column and 

,1 

, , , 

was therefore similar ta s~cimens SCll and SC13 of Series II. The specimen 

was tested },lnder. pae Manent in arder to study the effect of spreading under 
~ 

this simpler loading condition. The columo reinfOY'cement for this specimen . ' 
, 

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

2.4 Mate~ial Properties 

2.4.1 Concrete Properties 

2.1. 

The concrete compressive strength for each specimen is given in Table 

In aIl} three series th~ concrete compressive strength was determined at 

the \ time of tes ting of the connections. 

1-

2.4.1.1. Series 1 

Since eacb of' the specimens QS cast separately aild s ince the conc~te 

Dlix proportions were modified between castings a large variation in concrete 

properties was observed for this p~lot test series. Four 6 in. x 12 in. 

(152 _ x 30S _) tes' cylinders were used for eacb test spec~n and the 

average conerete compress,ive strength of specimens Cl. Cl. C3 and C4 was 

4800 psi (33.1 MPa). 3900 psi (26.9 ~). 5200 psi (3S]l MPa) and' 5800 psi 

(40.0 MPa) respectively. The age of the specimens at ~e tille of testin, 

,~.: ~~ed fro. !5 days to 33 days. 
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2.4.1.2 Series' II 

\ 

17 

Al! thirteen spe.mens were cast togetper in order to minimize . 
1 the variation in concrete properties. In aU, fourteen 6 in. x If in. 

, (152 DDD x 305 mm) concrete cylînders were tested. The average cokcrete 

compressive strength w~~ -4S20 ... p~i (31.3 MPa). A concrete ccbmpressive 

strength of 4500 psi (31.0 M~) wiU be used in aIl strength calculations 
'\..J 

for this series. The age of the t'est specimens varied from 16 days to 

20 days. 
\ 

2.4.1.3 \ Series III . 
" . 

AU four specimens were cast tOgether in order to minimize the , 

variation 'i~_ concrete properties. In al! four, 6 in. x 12 in. (152 m x 

305 J'IID) concrete' cYllnders were tested. The average concrete compressive 
1 

strength at the time of testing was 3400 psi (23.4 MPa) for this series. 
~ , 

The age of the specimen~ at the time of testing was 30 days to 32 days. 
\' 

2.4.2 Reinforcing Sfee1 
" 

The ,properties of the reinforcing bars used in ~these experiments 

are shawn in Table 2.2. 

2.4.3 Embedded Structural Steel Members 

The lIliniDum specified yield strengths for the hollow stl'uctural 

sections. the square Solid steel sections and the wide flange sections were 

50 ksi (345 MPa). 47 ksi (324 MPa) and .4.:4=- ksi! (303 ~Pa) respec9"velY• 

,,' .. ·,~~",:-d 
• 'é 't·~<i.'··' ." '. 
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2.5 Test Set-Up ~ 
2.5.1 Series 1 

19 

The 1est set-up for the specimens of Series 1 is shown in Fig. 2.8 • 
.... ; 

The axial ,load was applied using a 100 ton (890 kN) capacity hydraulic 

loading rama The shear in the connection was applied by a 30 ton (267 kN) 
1 ~~ 

capacity loading ram acting through a 100 kip (445 kN) capacity load cell. 
l, 

1 

The ends of the coltunns were braced against lateral movement with two pairs 
.. 

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

was obtained through the use of two baIl joints. 

2.5.2 Series II and Series III 

2.5.2.1 Emb~dded Members Protruding from One Side 

The test set-up for specimens with embedd~d members protruding fran 

one side only is shown in Fig. 2.8. The axial load was applied through the 

·M~ad of a 400 kip (1780 kN) capacity Baldwin Universal Testing Machine. The 

shear in the connection was applied using a 100 to~ (890 kN) capatitylhY~ 
~ / 

loading ram acting through a 100 kip (445 kN) capacity load cell. The ends 

of each column were braced against lateral movement, by two pairs of 3/4 in. 

(19 mm) diameter tie rods and hall joints were placed at the top and bottom of 

the cdlumn to allow rotation of the ends. .. 
\ 

~ 

2.5.2.2 Embedded Members Protruding from Two Sides 

The test set-up for specimens vith ellbedded members protruding from 

o~~te sides of a column is shown in Fig. 2.9. The ·load vas applied to the 
• 1 . 

col\lllIl through a hall joint br the Bddwin Universal Testing Machine and the 

load vas rea~ted through two rollers placed under the emb@ded s~ctural 
..:,... ~ ~ 

steel niember. 

-J 
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2.5.2.3 Pure Moment Tests 

Specimens TC3 and TC4 ~ere tested under IUl'e moment as shown in 

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

,embedded steel member by' two 30 ton (267 kN) capacity hydraulic loading 

rams at eccentriC:ities of 4 in. (102 mm) from the column face. The eolumn 

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

(19 lIDD) diameter tie r~. 
~f' 

2.6 Instrumentation 

The axial load in; the columns of ,Series 1 was moni tored by a pressure 
t" 

gauge in the hydraulic system. The axial load in the columns of Series II 

and Series lU ... ~ ~onitored by the load '<eulin the Baldwin Univers al Testing 

Machine. The IOad in the eonnection was rnoni ored by a 10ad eell and also 
, 1 

by a pressure gauge- i.!' the ~ydràulie system. The deflec;tiop of the embedded 
( .' ~ ,," 

steel member relative ta the eolufun at the point of application of the load 

was measured by a dial gauge ta the nearest 0.001 inches (0.025 mm). 

Concrete strain measurements were taken ÏJl the region of bearing of/ the 

embedded steel member in order to determine the maximum. strain on the surface 

and the strain distribution across the width of the connection. Reinforcing 

bar strain measurements were taken to determine the maxi.Dum steel stra'ip. at 

failure~, The eoncrete strains were measured with 20 ~ g~~ge length electrical 

resistance strain gauges. The strains in the reinforcing bars were measure'd 

using 10 lJIIl gauge length electrical resistance strain gauges. The positions 
it ' ' .(j r 1 ,.,' 

of the ~train gauges for spec~,~ Cl are shown in Fig. 2.10. The positions 
1 " 

of the strain gauges for: specimens C2, C3, C4" TC4 and aIl the specimens of 
< 

·Series II are shown in Fig. 2.11. The positions of the strain gauges in 
( / 

specimen TC3 are show in Fig. 2.12. Specimen Te2 had the sue' strain gauge 

\ ' 
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instrumentation as TC3. The additional strain gauges in specimens TC2 
, 

and 1'0 through the depth .of the c.onnection above ~ bel,ow the ,embedd~d 
: 'f 

steel member were used to determine the strain variation in the concrete 
,-

along the length of the embedded member. -Specimen TCl had only one strain 

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

above the center of the steel mœber. 
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CHAPTER 3 BEHAVlOUR OF TEST SPECIMENS 

The experinlental results of aU the- specimens are given in the 

tables of Appendix A. A sunmary of the significant behavloural observations 

in the response of each specimen is given in Table 3.1. The shear, V.and 

the deflection,~,are listed in Table 3.1 for each specimen for the following 

stages: 
. 

al sep~fration gf the bottom of the emb"edded steel member 

frOID the concrete 
..:. .... 

b] first appearance of the inclined vertical c;racking J ~n '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] f,irst yielding of the reinforcing bars of the column. 

e] observed spalling of the concrete at the front face of 

the colUJll1f directly above the embedded steel member~ 

f] the ul timate capacity of the connection. 

3.1 Series 1 

The four,specimens of Seri~s 1 (Cl. C2. C3 and C4) contained 4 in. x 

4 in. x 0.250 in. (102 DIIl x 102 DIlI x 6 DI) hollow structural steel mœabers 

and were tested under axial loads of zero, 30 kips(133.4 kN), 60 kips(266.9 

kN) and 90 fips(400.3 kN) respectively. 

-34-
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S8PMATIOII INCLIIED VERTICAL CRACr:lHC aAClllÇ IH SIOBS YlIlLDIIÇ IH lAIlS SPALLIIÇ OF ClNER ULTIHATB CAPACJTY 

V " Y A Y " Y A V A V A 

IIfIICDUII U,. tH 1Il. - U,. tH ln. - Urs kH ln. - ki.,. ltH in - Urs kH ln. - Hp. _ kH in. -
sala 1 

Cl 6.5 29 .CI02 0.15 9.0 40 .006 .15 10.4 47 .009 .23 15.6 70 .023 .51 27.a 125 .032 .81 
CZ 7.0 li .00% 0.15 21.0 J21 .022 .56 29.0 130 .02P .74 33.0 148 .0411 1.24 41.4 184 .230 5.84 
Cl 10.0 45 .002 0.15 H.O lU .on .SI 30.0 lU .023 .58 37.0 166 .13P 3.53 45.0 202 .400 10.16 
C4 10.0 .cs .010 0.25 41.0 215 .104 2.~4 46.' no .071 1.98 53.S 240 .200 5.08 5l.S 240 .200 5.08 

SERIES Il 

sa 2!J.8 Pl .on 0.21 48.0 215 .030 .76 48.0 US .030 .76,')- 51.9 233 .034 .16 55.8 ZSO .072 1.83 
sa ~ 55.0 246 .027 0.6' 62.' 211 .035 .111 62.1 281 • OlS ''-' - 66.8 299 .039 .119 70.7 317 .089 2.26 
llC4 .'.1 211 .OUI 0.41 55.0 246 .os6 .91 64.' 2iIO .083 2~ 11 66.' 299 .111 2.82 62.11 2111 ' .073 Las 66.8 2119 .111 2.82 
ses 11.8 53 .005 O.U 17.7 7. .012 .JO 19.6 Il .01S .38 51.0 2211 .025 .64 H.2 las ' .047 1.19 55.0 246 .152 l.16 
SC6 19.6 SI .OU 0.21 51.0 221 .066 1.61 35.3 151 .029 .74 59.S 266 .UO 2.79 58.9 264 .095 2.41 -~.II 273 .131 3.33 
SC7 23.6 106 .0lS O.SS 39.S 176 .OZI .71 47.1 211 .040 1. OZ 71.6 352 .100 2.54 64.1 290 ' .067 1.70 10.5 161 .135 3.43 
sca- 17.7 7. .001 O.ZO ".3 176 .OZ4 .61 35.S 158 .020 .51 es.5 S74 .199 5.0S 66.8 299 .057 1.45 83.5 S74 .199 5.05 
sa 7.9 sr .004 0.10 31.4 141 .00S .19 11.' 55 ,.006 .15 43.2 194 .lS7 3.99 43.2 194 .080 2.Dl 49.1 220 .157 3.99 
SCIO 19.6, " •• 0.15 31.4 141 .014 .16 31.4 141 .014 .36 51.1 229 .031 .1l7 62.1 281 .Oa9 2.26 
SClt, 21.0 US .001 O.OS 130.0 SU .051 1.30 125.0 S~ .046 1.17 150.0 672 .065 1.65 220.0 986 .230 5.14 
SCU 40.0 17' .035 0.19 .40.0 627 .US 2 •• 7 130.0 582 .072 1.13 160.0 717 .165 4.19 212.0 950 1.150 29.21 
SC13 40.0 179 .01' 0.46 110.0 493 .OU 1.07 130.0 582 .056 1.42 1110.0 106 .117 2.117 210.0 941 ,250 6.35 

sala lit 
TCl 17.7 7t .012 O.JO 29.4 IJI .026 .66 4l.2 - 113 • 050 1.27 47.1 211 .066 1.6 • 58.' 264 .193 4.90 
1Q 6.5 :ni .0417 0.69 13.0 58 .012 .30 31.2 140 .120 3.05 32.3 145 .141 3.58 b 
'Iœ S.: %l .027 0.6!I ---------- 16.9 76 .115 4.70 17.5 71 .230 5.84 

\ 11:4 S.Z 23 .013 o." 20.1 92 .1U 2.82 10.4 46 .041 1.04 16.0 72 .079 2.01 26.0 116 .191 5.03 26.0 116 • 1 SIl S.Dl , -

\ 
TAlLa 3.1 SIGirlIP ICAHI' IJ!HAVlOUlAL oasellYATIOHS \ 
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3.1.1 Specimen Cl - zero axial load test 

The load deflection response and a photograph of specimen Cl aft~ 

failure are shown in Fig. 31.1. The loa~ deflection curve remained linear 

up to a load of 6.5 kips (28.9 kN) on ~he connection. At this point the 
, 

bottom of the embedded steel member separated from the concrete below i t. 

At a load of 9.\Q, kips(40.0 kN) and a d-;flection of 0.006 inches (0.15 DIIl) 

inclined vertical cracks appeared ai the two top corners of the' embedded 

hollow steel member. As the load increased these cracks widened and extended 

towâÎds 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. ~t a load of 19.5 kips(86.7 kN) inclined vertical/cracks 

appeared at the back of the column just below the connection. The concre~e--

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

began spalling at a load of 15.6 kips(69.4 kM) and a deflection of 0.023 in. 

(0.58 mm). This was confinned by the sud den drop in concrete strain after 

reaching a maximum measured strain of 0.0029 on the front face of the connection. 

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

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 embed,déd steel member was 

apparent. Fran that point on, the load deflection curve is relatively fIat 

with the max:imum load of 27.8 kips{l23.6 kN) being attained at a deflection 
" 

of 0.32 in (8.13 mm). 

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

onset of inclined vertical cracking the largest strains occur above the 0 

vertical walls 9f the steeL m~ber wi th sulI er straÙ)S towards the center of 
.. ':,. .... ~~ 

- 1 

the thin walled hollow section and very small strains at the edges of the 
!. __ l 

colUIIID. ln subsequent tests i t was deèided ta fill the steel IIlElllber with 

/' 

1 

1 

Il 
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Il 
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concrete in order to provide a more unifonn bearing surface. There was 

no yielding of the reinforcing bars of the column. 

... \ 
3.1. 2 Specimen ca - constant axial load of· 30 kips (133 kN) 

The load deflec;tion curve and a photograph of specimen C2 at failure 

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 membe~,at a load of 7 kips(31.1 kN) and a deflection of 0.002 

in (0.05 mm). The load deflection curve indicates a decrease in stiffness of 

the connection at this point. The load deflection curve remained essentially 

linear up to a load of 27.0 kips(120.l kN) and a deflection of 0.022 in. 

(0.56 mm) at which point inclined vertical cracks appeared in the concrete 

face at the two upper corners of the embedded hollow steel member .. From'this 

point on the stiffness of the connectio'n 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 caver at the Iront face began to spall. The ultimate 

load was 41.4 kips(184 kN) at a deflection of 0.230 lnches (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 battOIR of the embedded hollow st~l 

member frQD the concrete occured at a load of IO.Q .. kips(44.S kN) and a 

deflection of 0.002 in. (0.05 m). The inclined vertical cracks .at. the top 

corner! of the embedded steel member appeared at a load of 30'.0 kipS(133.4 ~.N) 

and a deflect1œ of 0.023 in. (0.58 mm). The diagonal cracks on the sides 

-------------------- <,-~.\-- .. ---~ -.. -" ----,;:-~.,.-_-:-.. ~.;;'...,;~---

/ 

1 
1 
l, 
1 

1. 

Il 
1 

.' 
Il 



( 

(. 

/ 

38 

of the col~n also appeared at this load. 

The concrete cover on the face of the column above the embedded 

steel member began to spall off 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 membér showed 

signs of local buckling due ta 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 reinforting steel in the column. 

3.1.4 Specimen C4 '- constant axial load of 90 kips (400 kN) 

The load-<ieflection curve and a photograph of specimen C4 at failure 

are shawn in Fig. 3.4. Separation of the bottam of the embedded steel member 

fram the concrete occurred at a load of 10.0 kips(44.S kN) and a deflection 

of 0.010 in. (0.25 mm). Diagonal cracks appeared an 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 3:t a load of 48.0 kips (213. 5, k~) 

~ and a deflection of 0.104 in. (2.64 mm). \ 

, ~ The stiffness of the connection deteriorated very quickly beyond this\ 

~ load stage. Theie were no signs of spalling or crushing until the ultimate 

o 

.i 

~ load of 53:5 kips.(238 .. 0 kN) was reached. At this poi'\1t extensive crushing 

~ared on bath the front' and bàck faces of the column. The defleCtion, at 

the ~nt of ultimate load was 0.20 inches (5.08 mm). There was no yielding 

of the r "nforcing bars of the column. 

\ 

3.2 Series II 

AlI the test 5 cimens except SC6 and SC12 incorporated 6 in. x,4 in. x 

"...: '\! " \, \ ,; \ 

, , 
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0.375.in. (l52 mm x 102 m x 10 m) hollow structural steel members. 

Specimens SC6 and SC12 incorporated wide flanged members wi th the same 
(, 

width and ~ comparable stiffness to that of the hollow structural steel ~embers. 

Specimen SCl was tested under JUre axial load. Specimens SC2, Se3. and SC4 

were tested under axial loads of 240 kips(106. 7 kN), 160 kips(711. 7 kN) 

" and 80 Hps(3?S. B kN) respecti vely. The other specimens were tested under 
l, 

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

o '~elded to the embedded 5 teel member. Spe~imens SC9 and SCIO had concrete 

covers of zero and 1 1/2 ln. (38 mm) whereas the other specimens had 1/2 in. 
" ' 

(13 l1li1) covers. Specimens 8e11. 8C12, and 8e13 had embedded steel members 

whicli protruded from both sides of the coluttm. 

3.2.1 Specimen SCI - Pure Axial Load Test 
\ 1 

\ The load, deflection response ~or \bis axially loaded member and a 

photograph of speciment SCI at failure are shown in Fig. 3.S. The shortening 

of the column was measured over a gauge length of 6 inch.es (152 mm)." Failur~. 

Ciccurred in the bottom third of the cohll11n at a load of 326.0 kip (1,450 kf4) 

and a deflection of 0.017 in. (0.43 mm). nie column reinforcing steel in 

the region ,of· the connection did not yield. 

\ ' 

3.2.2 Specimen SCl - Constant Axial Load of 240 ldps (1068 kN) 
\ 

TIle load deflection response and a photograph of s.pecimen Se2 at 

failure are shown in Fig. 3.6. Separation of the bottan of the embedded 

steel member- frCID the concrete occurred 'at a load of 20.8 ~92 .. 5 kN) and 

a deflection of 0.011 in. (0.28 mm). The inclined vertical cracks in the 

concr~té at the top c mer. of the embedded steel member and the diagonal 
, , 

cracks on the sides of the column appeared at a load of 48.0 'Ups(213 .. S kN). 
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Spalling of the concrete coyer began at a load of 51.9 kips(230.8 kN). 

The maximum recor.ded s,train on the front face Qf the colUllln was 0.004. 

" , The, ultimate loàd of 55.8 kipS(248.2 kN':) was reached at a deflection 

of 0.07-2 inches (1.83 mm)'. There as no measured yielding of the reinforcing 

steel of the column. \ 

3.2.,.1>3 specimen 50 - Constant Axial Load of 160 ki ps(~li kN) 
.- , 

The load defle~~ion response and a photograph of specimen SC3 'at ,failure ", 

are slDw~ in Fig. 3.7. Separation of the bottom of the emfledded steel 

member fr.aD the concrete did not occur until a 10ad of 55.0 kips(244.6 kN). 

At a 'load, of 62.3 'kips (279.3 kN) inclined ve~tical cracks formed in the 

concrete a~ the top corners of the steel member and diagonal cracks formed 

in the sides of the column. Spalling of the concrete coyer began a t a 10ad 
\ 

- . 
of 66.8 kips(297.1 kN) with the ultimate load of 70.7 kips (314.5 kN) being 

, ' .. 
reached at a deflection of 0.08~ inches (2.26 m). The maximum strain on 

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

yie1d. 

3.2.4 Specimen SC4 - Constant Axial Load of 80 kip5(356 kN) 

The load deflection response, and a photograph of specimen SC4 at 

fallure are sJown in Pia. 3.8. Separation of the bottan of the steel member 

frœ the concrete occurred at a' load of 47.1 kips (209.5 kN). At a load of 
, , ' 

55.0 ldps{244.6 tH) in~lined nrtical cracks appeared in the concrete at the 

top corners of the embedded 5 teel rnember. The stiffness of the connection 
, 

quickly decreased after this load stage. 'Ibe c:oncrete caver above 1:he steel 

aeaber began to spall at a load of 62.8 kips (279.3 kN) and as strain of 
1 

0.0030. When the load reachecl 64.8 ki ps (288.2 'kN) diagonal cracks foraed 
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in the sides of the co1umn in the"region of the embedded steel member . 
.J 

lielding of the reinforcing ste~l in the column occurred at the ~1timate 

C' <, ' load on the connection of 66.8 kips(297.l kN). The deflection at the 

" ..-:. 
u1timate 1000 wa's 0.111 inches (2.82 1lDU) • 

, 5.2.S Specimen ses - Zero Axial Load Test \ 
" 

The 1000 deflecti>on response and a photograph of specimen SCS at 

failure are given in Fig. 3.9. Separation of the bottan of the steel 
l 

member from the concrete o(tcurred at a 1000 of 11.8 kips(S2.S kN) and a 

def1ection of o. DOS inches (0.13 Jbm) • ., Inclinëd vertical cracks fonned in 

the cont1irete at the top 'corners qf the steel member at a load 17.7 kips 

(78.7 kN). Diagonal cracks appeared on the si-de of the column at a load 
, 

of 19.6 kips(87. 2 ~N).' The 'reinforcing steel in the column began yielding 

at a load of 51.0 kips(226.8 kN). The concrete cover spailed at a load of, 

41.2 kipsf183.2 kN) and the ultimate 10ad of 55.0 kips(~44.6 kN) occurred 
\ 

at a deflection o~ 0.152 inches, (3 .86 IIID). The maximum recO:rded concrete 
\ 

s train on othe column face was 0.0032. 

, 
3.2.6 Specimen SC6 - Wide Flange Embedded Meœber 

The 10ad deflection curve', and a "photograph of specimen SC6 at 

~ failure are sbown in Fig. 3.10. Separation of the bottom of the embedded 

"ide flange steel msber fran the concrete occurrep at a load of 19.6 kips 
, 

(87.2 kN). Inclined vertical cracks formecl in -~e concrete at the tip of 
, 

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

side of the column at a lœd of 35.0 kips(lSS.7 kN)., l, When the lba~ reached 

~~l.O kipS(226.8 kN) îlined,vertical cracks appear~d in ~~' concrete at , 

the tips of the top flange of the steel member. 'ltte longitudinal, steel in 
1 

the colu.m yielded at a lœd of 59.3 kips(263.8 kN) on the c.onnection. 

1 
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, 1 / 

The concfete caver" began ta spall at a load of 5 .9 kips(262. 0 kN) \ 'dl 
as maximum stl'ain of 0.0068. The ultimate load 0 60.9 kips(270.9 kW) 

occurred at a deflection ~f O.13~ inches (3.33 omnl\" 

3.2.7 Specimen SC7 - Member wi th Addition~l Welded ~einforcement 1 

The load defl .. t;"n curv) and a phatagraph af ,peel ... SC, ~~ failure 

',\ are smwn in f, ig. 3.11. Separation of the bottom of the steel memb~r frœ 
\, 1 

the concrete, occurred at a load of 23.6 kips(lOS.O kN). The inclined vertical., 

cracks on the face of the column: at the top corners of the steel member 

occurred at a load of 39.3 kipS(l74.8 kN) while the diagonal cracks on the sides 
~ 

of the column appeared at a load of 47.1 kips(209.5 kN). The concrete cover 

spalled at a load of 64.8 kipS(28S.2 kN) and a strain of 0.0035. The ultimate 

load of 80.5 kipS(358.l kN) accurred at a deflection of 0.135 inches (3.43 mm). 

The longitudinal reinforcing steel in the column yielded at a load of 78.6 kipS 

(349~-6 kN). This specimen contained addi:t;ional reinforcement welded to the 

top_ and bottan of the embedded steel member. The weld between one of the bars 

of addition!1l reinforcement and the steel member faHed at ultimate. , 

3.2.8 Specimen SCS - Member with Addi tional Welded Reinforcement 

The weld failure in specimen SC7 made i t necessary ta repeat the 
1 

Itest wi th this identical specimen in or~r} to confirm the test resul ts. 
1 " 
1 . 

i The load deflection curve and a otograph of specimen ses at failure 
1 

lare shawn in Fig. 3.12. Separation of the bottan of the embedded steel 

Imember sran the concrete occurred at a load of 17.7 kipS (78.7 kN). Inclinod 

,.'vertical cracks in the column fac~ at the top corners of the steelmember 

; appeuod at a load of 39.3 k~pS(l ~4.8 kN) and diagonal cracks in the sidos of 
1,- _ -i the column formed at a load of 35.3 kips(l57.0 kN). The concrete caver spalled 

1 

\ 
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at, a lOad of 66' . .8 kips(297.1 kJ;i) and a strain of 0.0032. The- ultimate 
,1 

load of 83.5 kips(37l.4 kN) occurred at a defl~tion of 0.199 inches (5.05 mm). 
r 

The longitudinal steel in the column yiel~ed at ultimate. Speçimen ~8 ~.:,.-:--
,~ ' . 
.. ' 1... ~ 1 

failed at a load which was 4% higher than that of specimen ~C7 and ex~ibited " 
1 

r 

1 

a deflection at ultimate which was 47% larg~r. 

1 \~..« "-

3.2.9 Specimen SC9 - Column with Zero CO'l1~rete Cover 

1 
The load deflection curve and a rnO\t9graph of s>pecimen SC9 a t.! failure 

1 

are shown in Fig. 3.13. Separation of the bottan of the embedded steel member 
, , 

fran theconcrete occurred at a load of 7.9 kipS(3S.l kN). The diagonal 

crac.ks on the sides of the column appeared at a load of 11.8 kips(S2.S kN) 
\.. ~ 

however. the inclined vertical cracks.on the-,column face a t the top corners 

of the steel mElllber did not fo~ ~ until a load of 31.4 Hps (139.7 kN). , The 

concrete cover on the face of the column spalled and the longi~dlnal steel 

in the column yielded at a load of 43.2 kip; (1~2.2 kN). The ulmate load 

of 49.l~kipS(2l8.4 kN) oècurred at a deflection of 0.157- inches (3.99 mm). 
~ \ • , 1') , 

The max~ recorded stra.in on the front face of the column was 0.0064. 

3.2.10 Specimen SCIO - Column with l 1/2 in. (38 D) Concrete Cover 

The load ~flection curve and a photoaraph of s~imen SCIO at 

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

steel II_ber frem the concrete occurred at a 10ad of 19.6 kip!l(81.2 tN). 

The inclined vertical cr~s in the column fac~ at the fomers of the staol 
/ 

IISber and .the diagonal cracks on the sides of the co1umn both appeared at 

a load of 31.4 kips(l39.7 kN). The concrete coyer on the co1umn face spal1ed 

at a 10ad of 51.1 kips(227.9 kN) and a strain of 0.0027. The ultimate load 

of 62.8 kipS(279.3 tN) occurred at a deflection of 0.089 in. (2.26 mm). The 

'" 

1 , 
1 , , 



'. 

"1 
_ J 

\ 
44 

( . longi tudina1 steel in the column did not reach the "yield poi~~.: 

( 

" 
3.2.11 Specimen SCII - Ho110w Structural SectIon Protruding from !WO Sides 

~e load deflection curve and a photograph of spe~imen SCll at failure 

are shown in Fig. 3.15. Separation of the bot tan of the embedded steel 

member from the coi'lcrete occurred at a load of 28.0 kips (125.4 kN) on the 

column. A horizontal crack formed in the co1~n at- the centerline of the 

connection at a load of 125.0 kips(~S6.0 kN). Inclined vertical cracks " 

appeared on both faces of the column at the top corners of the embedded steel 
\ . 

member at a load of 130.0 kipS(S78.2 kN). The concrete caver on both fac,es 
, 

spal1ed at a load of lS0,kipS(667.2 kN) and a strain of 0.OO~8. The 

ultimate load of 220 kips(978.6 kN) occurTéd at a deflection of 0.230 inch es 
"' 
(5.84 mm). There was Ïto yielding of the column reinforcing steel. 

, , D 

-/ , 1 3.2. 12 Specimen SC12 - Wide Flange Sec tian Protruding from Two S~des 
,,'" 

The load de~lection curve and a ~tograph of specimen SCl2 at failure 

are shown in Fig. 3.16. Separation of the bottom of the ~ide flang~ steel 

member frœ the concrete occurred IJ.t., a l~ad of 40.0 kips(l78~kN ). At a 

load of 130 kips (578. kN) ,a horizontal crack fOl'llled in the 'Side of the column 

at the centerline of the embedded steel member. The load, deflection response 

was l,inear up to a load of 140 kips \ (623 kN) at which point the embedded 
, . 

steel lIe11ber stal!ted yielding due to the high, shear load. 

Inclined vertibal c'aeks appeared at the tips of the top flange. At , 

a load of 160 tipIS (112 ~) the concrete coyer above. the steel member began 
""\ 

• 'to spall. Failureocc:urred in the e~l" at an ultiDIate l~d of 212 Jdps 

(943 kN) and a defl~,tion of 1.150 inches (29.2 IIIml. There WBS no yielding 
\ 

of the longitudinal stèel of the eolUlJlJl. The max:lmum lIIea8ured Itrain on the 

colubm face vas 0.00,13. 
). 

" -"-

• 

( 
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the wide flange member yiel ed in shear at a load of 1~0 Jdps 

able to carry addition oading causing ev en tuaI failure of " (623 kN) it was 

the connection in the concrete at a load of 212 ,kips(9~3 kN) on the column 

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

3.2.13 Specimen SC13 - Hollow Structural Section Protruding from !WO Sides 

'\ 

The load deflection response and a photograph of specimen se13 at 

failure are shown in Fig. 3.11. Separation of the bottan of the embedded 

steel member frOID the concrete accurred at a load of 40.0 kipS(I77.9 kN) on 

the colwnn. Inclined vertical cracks appeared in bath 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 fOl1lled in the side of the column at the centerUne oî the 

conneetion at a load of 130.0 kips(S78.2 kN). The ccfcrete caver 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 tlie longitudinal eolumn t'einforeement. 

3.3 Series III 

Specimens TCI. TC2 and TC3 incorporated 4 in. x 4., in. (102 JIIII x 102 a) 

solid steel embedded members. Specimen TC4.!1-~ed-'-o- in. x 4 in. x 0.375 
------

(lS2 lIIIl x 102 mm x l() JIll) ~!lw ~tural steel member. Specimen TSI was 

- -----------------twice as wide as the specimens of Series II. Specimens Te2 and Të were cast 

in such a way that the width of the concrete dir~tly abave and belON the 
, 

embedded steel m.be~ was equal to the width of the embedded steel II_ber. 

Specimens TCl and Te2 were tested under zero axial lœd. Specia~s 1'9 and 

TC4 we~ tested undar pure lIOIIent. 
) 

" 

o 
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3.3.1 Specimen TCl (Wide Co1umn rest) 

The load defle<Otion respante and a photograph of specimen TCI at 

fài1ure are shown in Fig. 3.18. 'Separation of the bottom of the embedded 

steel member from the concrete occurred at a load of 17.7 kips(78.7 kN). 

lnclined vertical' cracks appeared in the column face at the top corners of 
1 

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 load 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 inch~s' (4.90 1IIIl). 

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 O.0040.w 

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

The load deflection response and a pho~graph of specimen Te2 at ~ 

failure are 'shown in Fig. 3.1,9. Separation of the bottom of the emb ed 
-' ""-

steel member from the concrete occurred at a load of 6.5 ldps(28.9 ). At a 

l~ ~f 13.~ kips(57.8 kN) a horiZ",!~ crad forme<! in tIle cancr te coyer at 

the.,back of the column at the centerline of the steel memtier. e concrete 

cover on the front face abave the steel member 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 inches (3.58 mm). There was no yielding of the column longitudinal 

reinforcement. Even though an at(empt 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 redueed width. The 
. , 

aeasured width of apparent crushing on the front face vas S.O inches (127 ua). 
'" 

'lbe maximum recorded str.ains oJ,l the fllont and' back faces of the coluan 

were 0.0038 and 0.0003 ~espectivelx. 

! ' ' 
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3.3.3 Specimen TC~ (Connection with Reduced Width Subjected ta Pure Moment) 

" The load deflection curve and a photograph of spec~en TC3 at'failure 

are shown in Fig. 3.20. Separation of the bottom of the embedded steel 

member from the concrete occurred at a load of 5.2 kips(23.l 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 10ad of 17.5 kips(77.8 kN) was reached at 

a deflection of 0.230 inches (5.84 mm). There was no measured yielding of 

the reinforced steel o~ the co1umn. As with specimen TC2 signs of spreading 

were observed above the regian lof reduced width. Signs of spalling were 

noticed over a width of 5.0 inches (127 mm) on the front and back faces of the 
1 

co1umn. The maximum recorded strains on the front and back faces of the 

column were 0.0032 and 0.0034 respectively. 

3.3.4 Specimen TC4 (Connection with Hoflow Structural Steel Section Subjected 

to Pure Mœent) 

The load deflection response and a photograph of specimen TC4 at failùre 
'" 

are shown in Fig. 3.21. Separation of the embedded steel member from the concret~ 

occurred at a load of 5.2kips(23.l kN). At a load of 10.,4kips(46.3'kN) 

diagonal cracks farmed on the sides of the column. The longitudinal reinforcem.ent 

in the column started yielding at a load of 16.0 kips (71. 2 kN). Inclined 

vertical cr~cks appeared in the column face above the steel member at a load 

of 20.8 lcips(92.S kN). The concrete caver above the ste~l member spalled when 
, . 

the conne ct ion reached the ultimate load of 2'6.0 kips(115.6 JŒ) at a deflection 
,.. 

of 0.198 inches (5.03 mm). The maximum recorded concrete strain on the 

face of the column vas 0.0028. 
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Figure 3.1 Specimen Cl - zero axial load test; the load de.flection response and 
a photograph of the specimen after failure 
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Figure 3.2 Specimen C2 ~ axial load of 30 kips (133 kN); the load deflection response 
and a photograph of the specimen after failure 
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Figure 3.13 Specimen SC9 - ~ero concrete cover; the load deflection response and 
a photograph of the specimen after failure 
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Pigure 3.15 Specimen SCll - .JS protruding froriÎ~ two' sides; the load deflection response' 
. and a photograph of the specimen after failure 
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CHAPTER IV ,DEVELOPMENT OF ANAL YTrCAL MODEL AND 
Jo, 

.. r~ _~ -:;\ -~ ./' 
, 1 

'DISaJSSION 'OF TEST RESULTS 
a 

4.J Basic Assumptions in the Analytical Modël 

The proposed analytical model for precast connections incorporating 

embedded steel' members ,assumes tpat the stiffness of the steel member is 

sufficiently greater than that of the cancrete surroonding it that it may 
, 

be treated as a r~gid member. ~erefore. a11 ,rotations a~d displacements 

of ~he emb'edded steel member under the -action of any applied loads will 

result in linear strain distributions in ,the concrete above '~d below the 

steel member as ca~ be seen in Fig. 4.1 . 'The resulting cunrature. ~. 

, J 

is constant above and below the embedded member as can be se en from the 

strain distribut~ons of ~ig. 4.1. Fran the assumptions of a rigid embedded 

member and small deformations in the connection the points of zero strain.' 

above ~d belo", the embedded steel lI)ember lie on the same vertical lin~.), 

Due ta the 10S5 of contact between the steel member and the concrete over 

cer~ain regions of' the embedded length only compressive str~sses are assumed 

to act on the embedded steel member. 
.. 

, The, r~sulting strain distribution can be described by the following 

t'Wo equa tians: 

" '&f Eb 
; ~ • xg • ~ 

<where: 

.. 

( 
: 

•• curvature resulting from the strain distributions, ' ~ 

&f • strain' ,on front face: of coiumn 

&b_ • stra,in at bacJc of steel .ember· 
'or 

-69-

" 1 

" 
i 
\ 

4.1 

.. 
, 
4.2 

,1 

\ ' 

1 
, ' 

... 



: 

,\ 

1 
: . 

. : 

. xf = distance fr front facE) of c.olumn to nE'utral axis 

/~ xb ."" distance fr m ~ack of stee.l member to neutral axis 

Roe = embedment 1 ngth of steel member 

. 

70 

The concrete is as~ed "to follo~ a parabolic stress-strairi l~ 
1 

given by: 
1 

1 

i3 
wh.ere,;o i~ the strain corresponding to~the peak concrete stress; fI 1s 

. ~ c 
the compressive 5treng h of concrete 1 ~ E: 1s the strain a't which the 

stress, fC I i5 being e aluated. A value of 0.002 "is usêd fot;' to' 

'. If an embedded ember of width b is subjected to a linear distribution 

of depth x the result t compressive force can be expressed as 

C • oft 8 x b c 

whereaxCis the depth of an equivalent rectangular stress distribut ~and 

, 1 tionl of af~ 15 the equiv.lent unU8m stress of tluLt distritiuUon. The 

the resultan~ of the ompr.sliv. stre .. distribution wllUld b. at 1 8~ 
compressive- strain towards the neqtral ax s of 

'" ''J 1 

t'he member. For a li ear strain distribution and a parabolic stres 

bu tian , g!vën by Bq. 4.3 values- of CI. and B can be found such that th 
, , 

of the equivalent r ,tangular stress distribution has the s.e 
l " 

position .s the P~O~iC "stress distribution. Por a ~iven max 

strain" c, the value~ ôf a and B can be found from the following 

4, - e/r. o 

tu1' and 

concrete 
1 
f 

,:quationa : 

4.5 

, 
4.6 . 
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The maximum strain occurs at the front face of the connection. If 

a maximum strain of 0.003 is assumed together with the AÇI stress block 

factors the re~l tant of the stress distribution at the front of the 

connection, Cf' given by 

Cf • 0.85 f~ a b 
~ 

4.7 

,where'a. the depth of the equivalent rectangular stress block. is defined 
" 

as: 

The stress black fac~or. BI 1s given by: 

for fI less than 4000 psi or 30 MPa c _ 

otherwise 
fI - 4000 

BI • 0.85 - .OS [ c 1006 l where f~ is in psi 

or 
fI - 30 

_ BI • 0.85 - 0.08 [ c 10 ~ where f~ is in MPa 

but BI sbould not be taken as ,les5 than 0.65. 
o ~ i 

'1 -

Since the value of the stràin at the back of the steel II_ber 15 less 

1 • 

than 0.003 the ACI stress black factors do not appl)'. For a aiven value of 
1 

strain at the back of the embedded lIembar Equations 4.S·and 4.6 can be ~sed 

ta calcUlate the stress blo~- factors,'cQ and 8. The resultant, ~t ~f the 

:Istress distrlbutiono at the baek of th,e embedd.d Îlellber i5 therefore aiven 
\ 

b)/': 

4.9 

SUillina vertical forces on th, conneetion lives: 

Vc • 0.85 f~ b 81 Xl - (l8 f~ b (l, - Xf) 4.10 

1 
" 1 " . 

o 
" 

c 
, . 

,',1 

j" 

" 

1 

,1 

, 
1 
1 

, 1 

1 

, 1 

1 

l 
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The distance from the pOint of application of the load to the center 

of embedment of the steel member 1S given br 

, 

e = a + ~ /2 e 
o 

Taking manents about the centeT of embedment of the steel member gives: 

4.11 

4.12 

The solution of Equations 4_.10 and 4.12 will give the u1timate capacity 

-,of the connection, Vct as a function of the eccentricity. e. of the 10$1 from 

the 'center of embe<!lment of the steel member. In order to solve Equations 4.10 
) 
, and 4.12 an iter~tion procedure was used~ the steps of which are given below: -

(, 

1. choose a value of xf 

2. 

3. 

calculate the strain at the back of the embedded member 
1 

an~'the corresponding'values of« and a. 
1 1 , 
1 " 

d~termine the magnitudes and positions of the stress 

resultants Cf and Cb, 

".; - 4. frOlll force equilibrium. Bq. 4.10, calcul.ate Vc :..:,'>'~ 

, '1 
! 

"and S. f-rom moment equilibrium, Bq. 4.12.~calculate th~ 

" . 
correspo~ding valu-e of e. 
ù. ~-:~ i' ~~ 

In the design of a connection the e.bedment length, te' and the 

eccentricity of the load are chosen. Therefore, the desian procedure sMuld 

sive the u1timat~ capacity of the connection as a function of e and i.e' 
, 

If the itoration procedure 15 repeated for differènt values of xf a series 

of solutions will result for Vc versus. at ult1mate. Thorefore the non­

d1aensional shoar capaCity of the connection, V/f~ b.te , can be pl,otted 

ag.mat the ratio of rI". aivin, the ~esign curves of Fig. 4.2. Vc 15 the 

resul tant of the load~ actinS on a connection and e 15 the effective 
,1 \ 
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eccentricity of the resultant of the loads measured from clle center of the 

embedment length. Once e and ~ are che sen the curves of Fig. 4.2 can be e 

used to find the ul timate capadty' of' -the connection for a given concrete 

strength. 

The ma.ximum shear capacity of the connection accurs when the ecce~tticitY1 

le. of the resul tant of the applied loads equals zero. This case would arise 

when equal londs with equal accentricities are applied to an cmbedded member 

protruding from two sides of a cOl~n. This loading case results in a 

uniform strain distribution of 0.003 (sec Fig~ 4.2) and a, correspondj!ng uniform 

stress distribution of 0.85 f~ ovar the cntire length of embedment. 

It should be noted that for elfe le5$ than 1/2' the resultant of the 

applied londs would have to net st sorne point wtthin the column. The resulting 

strain distribution for the case where e equals t /2 is shown in Fig. 4.2. e . 

As can be seen from Fig. 4.2 the shear capacity of the connection decreases 

with inc~easing eccentricity. 

Predictions 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 

underestimatos the capacity of these connections. 

These resul ts can only be explained if the effective width of the 
. 

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 
\ 

eoncrete in the,...column in the regio\!l of the connection. A discussion of the 
-, 

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

.i 

1 



(; 

c 

.\ 

/1 
74 

4.2 Idealized Specïmens 

Specimens Te2 and Te3 l'lere used to test the as~umptions of the 

analytical model. They both incorporated 4.0 inch (102 mm) square sol id 

steel members which l'lere relatively rigid compared to the concrete surrounding 

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

'l'las 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 l'las felt that the results 

of these specimens would test the validity of the assumptions of the analytical 

model witoout having ta assume an effective width. ) 

" Since specimen Te3 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 
v , 

~.-

length of the embedded steel member for each load stage up to fallure is 

shawn in Fig. 4.3. The strain distribution at failure is nearly lincar with 

max~ strains of 0.0032 on the front fa~e and 0.0034 on the back face of 
\ 
\ 

the column. The 5train distribut~n agrees weIl with the assumed strain " 
,. c- \ 

distribut~on of the analytical model howeve~ the failure 10ad 15 1.55 times 

the predicted value if an effective width of 4 inch es (102 mm) is assumed. 
\ 

Even though this specimen had a reduced W~dth of concrete in~the ragion 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 ab il it y of the load to spread even',though measures had been taken to 

~en t the spreading. 

Specimen Te2 a1so had a reduced width ln the region of the embedded 

lIember and it was tested ~ith the steel member protruding from one side only. 

\ 
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The concrete strain distribution along' the len~th of the embedded steel 

member in specimen TC2 for each load stage up to failure is shown in Fig. 

4.4. As c~n 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 concrcte at the:back of the embeddecl 

steel member the st:rain gauge at this location was damaged. 
1 

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

column at the location ~f the embedded mcmber and the concrete cov~ 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 l, 2, 3 and 4 only (soo Fig. 2.12). 

As \'1ith specimen TC3, specimen TC2 failed at a much higher load than 
, , 

that predicted-by the analytical model assuming an effective width of 4 inches 

(102 mm). After failure crushing wa's observcd over a width of 5.5 inches 
D 

(140 mm) in the regi~n of the colump abOYa the reduced width. Once again. 

this demonstrates the ability of the load to spread. resulting in s 1arger 

effective width, oven though measures were takcn to prevent load spreading • 

. The measured strain distribution nt u1timnte shown in Fig. 4.4 is 

approximately linear with a maximum stra!n of 0.0038 at the front face and 
1 

an estima'ted strain of 0.0016 at the back of the embeddcd steel member. The 

analytical modal assumes a linear strain distribution with 0.003 st the front 

face and a predicted strain of 0.0019 st the back of the steel member. The 

strain distribution of Fig. 4.4 indicates a neutra1 axis depth of 0.725 1e 

as compared to a depth of 0.61 te predicted by the ana1yt1cal model. 

The strain distribution of Fig. 4.4 indicates that there 1s a basic 

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

the neutral axis depth 1s always at 1e/3• 

l , 

1 
1 
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4.3 Effective Width ' ~ 

\ 

4.3.1 Effects oE Caver 

Specimens SC9, SCS and SCIO had cleu concrete covers of"zero~ 1/2 in. 

(12. 7 mm~, and 1 1/2 in. (38.1 mn) respectively. The placement of the embedded 

steel a~d~the point of application ~f the load for each specimen is shown in , 
, -

Fig. 2.4. Th~ load ~as positioned such that the eccentricity fram the center-
" 

line of the' coi~n was constant. In the analysis the eccentrici ty of the , 

load is measured fr~m the center of embedment of the steel member~therefore 
\ 

the three speciJiiens h~ different eccentrici tes as well as different concrete 
. '\ 

cavers. A comparison of't~e load-deflection responses of the three specimens 

and a photograph of the speèimens at failure is shown in Fig. 4.5. 
, 
From th-e 

photograph in Fig. 4.5 it can be,seen that the effective width,of the connectiQn 

at the front face as bounded by the inclined vertical cracks is approximately , 

the same for aIl three specimens. It is clear from this, photograph that the 

concrete caver spalls off in the region of the connection. The results of 

these tests indicate that spreading does indeed occur however, it does not 

extend ta the full width of the collœn because the cover is ineffective. 

Therefore. the analytical model assumes that 'the effective width cannat exceed 

the confined width of the cohan measured ta the outside of the column ties. 
" 

The failure loads for specimens SC9. SCS and SCIO,were 49.1 kips(218.4 

lN), 55.0 kip\s(244.6 kN) and 62.~ kips(279.3 kN) respectively. The analytical 

.odel Predicts ulttœate capacities of 38.S kips(171 kNl, 40.0 kips (178 kN) 

and 45.6 Idps(203 tH) respectively using an effective width equal ta the 

outside' width of, the column ties. The experimental capaci ties exceed the , 

predictions of the analytical mode! by 25\. 37\ and 38\ 'for specimens SC9. ses 
" 

and SCIO rospectively. 
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4.3.2 Maximum Effective~Width 

Specimen TCl had a width of 16 inch~s (406 mm) which'made it twice 

as wide as the o~her spec~ens in Series II and Series III. It incorporated 

a 4 inch (102 mm) square solid steel embedded member which protruded from 

one side only. Since the. details of this specimen favoured _s~reading, 
, " 

specimen TCl was useful in detemining the maximwn effective w'idth of the 

connection. The specimen reached an ultimate load of 58.9 kips(262 kN). 

As exp,~ctedJ the effective width of this specimen _ was less than the outside 

width of the column ti~_s in the spec~en. Signs of crushing were observed 
~ " 

over a width of 8 inches (203 mm) on the front face of the column ab6~e tie 
steel member. 

If an effective width of 8 inches (203 mm) is assumed in\'oalcula ting 
\ 

the capaci ty ,of the connection the meas~ed capaci ty exceeds the\prediction 

of the analytical model by 59%. Based on this one test it is recbmmended 
\ 

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

steel ~ember should be used in the design of these connections. 
1 

( 
1 

4.3.3 Effect of Shape of Embedded Member ;-
/ 

Spe,cimen SC6 incorpora ted a ~ide flange steel member who$e flanges were 
~ f 

, J 
milled to give an identical width and a comparable stiffnes,s ;In that of the 

ho,llow stl:uctural steel member of, specimen SCS. A cOlll~arisoiof the load-
1 . 

J, 

deflection responso and a photograph of the two specimens ~t fsilure is 

shawn in F 19. 4 • 6. As can be seen in Fig. 4.6. th e res po,rlse of th e two 

specimens i5 identical up ta a load of 40 kips (178 kN) ,and bath specimlms 
1 

exhibited approxiDi~tely the same ductility st ultimate. 
1 

60.9 kips(271 kN) respectively. 

a.d'SC6 wte, 55.0 kips(245 kM) 

1 

The fsilure loads for specimens ses 

, -<,'~ ~ \j-. '~~ ", "«~~; ,~ 

~.::: ' . ' 

and 

1 , 

1 

1: 
1 
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It can be seen fran the p~raPh of Fig. 4.6 that inclined verticaÎ 

cracks are formed frcm both the top-and the bottan flanges of the wide flange 

section. This indicates that both flanges ar'c effective in distributing the 

load. The hollow structural steel membel' on the other hand has only one 

loading surface to distribute the load. Therefol'e, a wide flange section 

results in a more favourable distribution of stresses in the connection. 

Al thrugh the connec tian incorporatin~ a wide flange member exhibited 

an 11% larger capacity tban, the specimen with the hollow structural steel 

member. the analytical model conservatively reflects this additional capaci~. 

4.3.4 Effects of Stiffness of Embedded Member 

The resul ts of specimen Cl damons tra te the importance o~ using an 

emb~dded steel member which i5 stiff enough to ensure relativ~ly uniform 

beax:ing conditions. In specimen Cl. since the hollow structural steel member 

had th in walls and since it was not filled with concrete the bearing of the 

concrete agninst t~~ top W8,11 of the steet'member caused severe local bending. 

This resu;tteâ in stress con entrations in the concrete abova the webs of 

the hollow steel member. wh ch reduced the effective width of the connection 
1 

and led to a premature failure. Therefore if the walls of a hollow structural 

steel member are not st f~ "Cmough it should be filled with concrete' ta ensure 

a more uniform bearing tress which will enable the effective width ta attain 
t 

its maximum value. 

, , 
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4.4 Effects of Additional Welded Reinforcement 

~ 79' 
r '-.--_ 

UJ 

Specimens SC7 and SeB 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 ta the top surface of the steel mel!lber and four bars were welded to .. 
i ts ho ttom surface as shawn in Fig. 2.3. The bars were provided wi th 

--sufficient length ta enable them to develap their ul timate capaci ty in bath 

1 tension and compression. 

:YZ--:,-' 
-,..,,' 

'< , 

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 bar:s a t the front of the embedded member, Cfs ' is 

given by: 

4.14 

where A is the total area of reinforcing steel welded ta the ;,ront of the , s 

connec tian above and below the embedded steel member and fs is the stress in 

the reinfarcing bars. " t 

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

~. 1s given by: 

C'_ -Alf' 
-bS s S 

4.15 

whore '\' is the total area of reinforcing steel welded ta the back of thet 

embedded membel' and fs' 1s the stress in the reinforcing bars. 

'lbe s tre~ses in the bars at the front and ft the back. of the eonnection" 

f and fs' respectively, are given by: s , 

fs • 0.003 Es [l ~ diXf] ~ fy / 4.16 

J 
1 < 

and ' fs 1 • 0.003 Es [(~~ - 'i,)/xf -; 1] - f 4.17 
"" '- J Y 

/ 

1 
/ 
) , " 

,,' 
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where: E = modulus of elasticity of steel 
s 

80 

" . .. 

df = distance of welded reinforcement at front of embedded member 

from the front face of the column 

db = distance of welded reinforcement at the back of the , 

connection fro~ the end of the embedded steel member. 

From equi1ibrium of vertical forces, the u1timate capacity of a connection 

with additional welded reinforcement. Vu' is given by: 

4.18 

which upon substitution of Bq. 4.7, Eq. 4.9, Eq. 4.14 and Bq. 4.15 gives: 

A ' f ' s s 

Equation 4.19 da fines the ultimate capacity of a connection containing ,. ...-
-

4.19 

additional welJed r~inforceQent. The moment on the connection corresponding 
'f 

to the u1timate tapacity as defined by Eq. 4.19 is given by: 

. . 
+ <;,[te/2 - SC.l'.e-xf)/2] + As,'fs' [1e/2 - ~) . 4.20 

- , 1 
In OTder to dete~e the capacity of a connection contaming additiODa\ 

welded reinforcement an i teration procedure can be used by ,assuming different 

values of x f until Equation 4.19 and Equation 4.20 are both satisfied. 
, 

Specimens SC7 ând SCS had capacities which were 25.5 kip (113 kN) and 
. l 

28.5 kip :(127. kN) greater than the capacity of specimen SCS. 'Ibis increased 
/. 

~. caplcity is d~e,1to the presence of additiona1 welded' reinforcement in 
, . , 

specim~s SC7 and SCS.' The predicted increases in capacity accorè:ling to the . ,\ 

• PCI DesigÎl Method and the anal~tical JllOdel wore 13.4 kip (S9.6 kN) and 
< 

13.6 kip (~p.S kN) respettively. Th&/.two methods predict almost the same 

{ 

.. " , .. 
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additional capacity for this particular case because the strain in the steel 

as calCï'lated b~ '_the ~nalytical model was close to the yield strain as 

is always ~s~umed by~th~ PCI Design Method. 
, , 

The total capacity of specimen SC8 was 83.S kips(37l kN). The PCI 

Design M~thod predicts a capacity of 31.4 kips(140 kN). The analytical 

model predicts an ultima te capaci ty of 53.6 kips(238 kN). 

4. S Effects of Axial Load 

Four identical specimens SC2. SC3, SC4 and SCS, were tested with axial 

loads of 240 k,ips (1068 kN) ~ 160 kips(712 kN) J 80 kips (356 kN) and zero 

axial load respective1y. A comparison of the load-defl~tion responses of 

the four specimens and a photog'raph of the specimens after failure are shown 

in Fig. 4.7. 

From the photograph of Fig. 4.7 i t can be sean that the region of 1 

spalling on the front face of the connection above the 'embedded steel member 

'increases and the diagonal cracks, o~ the sides becœe 5 teeper as the axial 
.. ' 

load is increased. ' The specimens with higher axial load aiso exhibited. spalling 

on the back face of the cob1Jln. As can be seen from the load deflection 

responses of the four specimens, the deflettion at ultimate, which"is a lIeasure 

of the ductility. decrea'!es with an inc:r~se in axial' load. 

In order to show the effect of axial lciad on the capacity of the 
J 

connoction the axial load-shoar interaction diagru was plot~ed in Pia. 4.8 
> .. 

in toms of the ,non dillOnsiona! variables P/P o' where Po 15 the pure uial 
- \ 

capacity of the coluan, and V/f~ b 1.' In addition to the specÙlens descrlbed 
. . 

above an' identical specillen. SCI was testecfUDder 'plte, axial load. 'As can be 

'" \ ' 
1 seen ~ Pige 4',8 the shoar capacity of the connect1on~ inCl'easd wi~"".increasina 

"~I - " 

\ l 

,1 

1 
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axial load until a m~imtml shear capaci ty i5 reached when 
, 

e column is 

subjected, to approximately SO percent of its axial capaci ty. For values 
" 

l ' 

of axial' load greater than SO per 'cent of the axial èapacity-~th.e column 

the shear capacity decreases with increasing axial load. The shear 

c3pacities of the copnection for axial 19ads less than 75 pe~ cent of the 

axial capaci ty of the co1umn were grester than the capaci ty 0 the cqnne~tion 
~, 

at zero load. 

The analytical model can therefore be used to conserva~ vely predict" 

• the
v 
capaci ty of connections where the axial 1000 in the column does not 

exceed 7S percent of i ts ,axial capaci ty. , , 

4.6 Comparison of Predictions with Test Results V 

, - -
Tal>le 4.1 compares the predictions of the analytical model and the 

" 
PCI Design Method with the test results. The effective width used in the 

pre~Uctions ot the analytical "model is also given in this table., It is noted 

that a11 specimens had an effective width equal ta the ~~r dimen~ion of 

the col~n des except for specimen TCl. Sinee '1:CI was an extremely wide, 

- .' - ~ 

spec}men the e.ff~çtive width used was equal to twice t~e widthû of the embedded . 
, , 

steel Il.ber. As specified in the PCI Desian Method. only the width of the . . 

abedded steel a_ber wu co~side'tecl to be effective • 
. 

The analytical .odel i$ consenative for all properly detailed 
. .'~ 

connections. Specillen Cl incarporated thin wa11ed hollaw structJ.lral steel 
- " .... (~ 

,_.ber whieh was no t' fUle.d with CODerete.. 1bis specimen therefore failed 
'- - / . 

pr .. turely without developlna its full effective wldth due ta local bending 

of ih. ".lls: sp.cia!'ll TC3 bill a recluceél width tt ~.ncre.~e ill "the HJ~n ' 
of the C01Ulectlon and thus wu unable to develop its full effective width. 

l ' 
, • 1 

• 0 

'. 

\ 
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b Vexp~,~~ VpC1 
V 

theoI)" 
V V . V -

in lDIl kips kN kips kN kips kN ~ exp theory 
c VpC1 V V '" SERIES 1 

'~ theory l?CI 

Cl -S.S 140 27.8 124 17.3 77 30.5 136 1.61 ' 0.91 1. 77 
, .. a' 6.0 152 41.4 184 14.0 62 27.3 121 2.96' 1.52 1.95 

Cl 6.0 - !~ 45.0 2"00 180 83 . 35.7 159 2.41 1.26 1.91 
rS2, ' -

C4 6.0 53.5 238 20.9 93 '39.4 175 2.56 1.36 1.88 
f ,~ - c 

SERIES 11 

SC2 7.0 178 55.8 248 19.9 89 45:1 , 201 2.80 1.23 2.28 
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 
se5 7.0 ·178 55.0 245 18.0 - 80 40.0 118 . 3.06 1.37 2.22 ' J 

\i SC6 7.0 178 60 .• 9 271 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 
se8 7f'f!i 178 ' 83.5 ~71 31.4 140 53.6 238 2.66 1.56 1.71 
SC9 7.0 1~8 49.1 11a 17.3 77 38.5 171 2.84 1.27 2.23 "-

1 

SC10 7.0 178 62.8 ' 279, 20.3 90 45.6 203. 3.'Û9 1._38 2.25 
~- scn 7.0 178 220.0 979 81.6 363 214.2 953 2.70 1.02 2.65 

SC12 7.0 178 212.0 9-13 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 

Q 

SERIES III 

iCI 8.0 203 58.9 262 14.3 64 37.0 165 4.12 1.59 2.59 
TCl 7.0 178 32.3 144 14.3 64 32.4 144 2.26 1.00 2.26 

/ 

TC3 7.0 178 17.5 18 19.8 88 0.88 '" 
tc", 7:0 178 26.0 116 19.8 88 1.31 " . 

.... 
-w 

. \ - . 
00 0 . ' 

TABLE 4.1 C<J.IPARISON OF A.'lALYTICAL t-IODEL A.'lD pel DESIG~_ ~lErnOD w 
\ -

t. WIW EXPER I~IE~'TAL RESULTS 
, . 
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Specimens SC3 and SC4 reflect the conservative predictions of the analydcal 

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

load capaci ty of the column. The c~paci ties of the specimens wi th zero 

eccentricity, SCll, SC12 and SC13, are predicted within two percent accul"acy 

by the analyti,cal mode 1. 

The predictions of the PCI Design Method are overly cODservative 

fbr a11 the properly detailed specimens. The ratio of the experimental capa ci ty 

of a connection to the capaci ty predicted by the PCI Design Method varies 

from i.41 to 4.12 for these specimens. Even for the specimens tested with 

zero eccen~ricity (SCII, SC12, and SC13) the PCI Design Method is overly 

conservative. Fig. 4.9 gives the variation in the non-dimensionalized shear 
. 1 

capacity of a connection as a fUnction of the e/t ratio as derived in section e 

4.1. 

These design curves are compared wi1!h the experimental resul ts of 

specimens SCS, SC6, SC9" SClO" seu, SC12 and SC13 each specimen having a 
( 

me~sured concrete strength of 4500 psi (31 MPa). This figure illustrates 

that the an8J.Ytical model cCJn.servatively predicts the reduction in the capacity 

of connections incorporating embedded structural steel members wi th increasing 

eccentricity . 

. 
" 

/ 

• 1 

'. 
," 



"de c II hl k U " ____ ~_._ 

1-' o 
'" 

,~, 

" 

\ 

.. , 
.. 

t--

t-- Xf ---f 

t- ~ t. '-. 

1-..-- ~ 

a 

e •• 

v 
c 

'1 

Cf 

f-1. 1 
2 e 

r 

Fi8U~e 4.1 Stress and,strain distributions o~ the ana)ytical ~el 

<' 
.' 

_ _ ~_'- .... " ~,~ ... ~ "",. • tP ...... 'W.-=t' A 494 

a 

e -t 

v 
c 

o 

00 
U1 

~I 1 

r 



..... ' ~ ., E I.U"'!JI".U!ll_".~I_ ... """ ,or , ... __ ~ •• 

o 

'" 
~ _ '_ ~ lJ'l J l~ 1 IlJ~ 1 

1 

0.7 t \ LJ 1 

l...-
I 
l -. 

0.4 

0.3 

0.2 

r .' 
0.1 

o 0.2 0.4 . 0.6 

tLt 

e-\l • e 

0.8 

"'. 

r 1 

1 

e 

--1 

1 

1 • 

1.0 ~ 

e 

~e 

e-l 
e 

0.0 

1.2 

Pigure, 4.2' Proposed Design Curvos- , 

;, 

----.--

'C 

03 

1.4 

a 

·lJ 

~ 

'-4000 p~i(21.6 HPa) 
C r 

'-5000 p8i(34.5~HPa) 
C 

1 

'-6000 pai(41.4 HPa) 
C 

1.6 1:8 

r J 

r 

." 

~ 

t> 

2.0 

" 

~ -",. ... 

QI) 
00 

, 

~ 

f' 

il'" 



~\ 

~ \ 
~ 

'"' _~~"""-~k"~~"'" .... -

~ & 
>i 

1 

! 
i 87' 1 

~ ~ 

1 ( .. S~:H3IH"rw ", .L.NOI:I:J WC!W:J 3~Ntf.1S1q 
1 • ... ON "1 CLI UI OSl lEI IZI El f 001 Il IL " OS '" 1 ,; ,; 
! .., 

• ... 

• .1 .. 
,. 

0 .... 
..: or 

.. 
• 

.rI' 
',," ,. 

, . 
~ 

,. 
\ !' 

• f'l 
ci ~ 

~\' 
;~g 1" 

• .~ 
,1 

ci 
~ <1 
~ 
III . , c: 

i .... . '; ... 
lI'l (, .' .- c: .,. 

0 0 ... .... Il 

~" J: +.1 .... 
::1 

r~'! • A 
,; .... 

" ~ 
III .... 

~ "CI 

c: .... • e. 

~ b • , 
CI) .. 
f'l , 

~ 0 • ..: 
0 ,.. 

r i .... ..: ca. 

• ---,,; 
1Ir 

i î , 

of' 
'\ 

~ 
, "' ",' 

• •• 
" ft 
0', L D'L l', D', l'. II~I C'fI 0" ri l" '1 G·t 1'1 '1 ,'0 

']W~Nt 'lHQWJ w W~ 3NtI.LS G 
1 ',1 

0' " 

" ,"'" .. 
, , 

, . 
,";; , " 

"', .. , " ; 
/ 

,-



--~- ~I 

.-

J. "" 

~ ... l, 

~ 

t .. 88 

f 
(l \ ., 

\ 
.. SW).I.3Wr"rw • LNQI:I.:I 10401:1 3:JHtH.SIQ .. , 0111 .'1 ' UI OSI "1 SU 1 00\ Il " OS' 0 .. .. 

.!., ~ 

• ,.; 

1 1 . ' 
'III , ' .; 

-'- -' , ., 
..: 'r .. , 

) ~ 

i .. ; 

f fil N 
! ~, 1 ' ") i ~ 

J c 
0 

II 4) , . . \. 

1 . ~ . 

1 

fil 

~ , . 
.j ., ~ 

"I!l 11\ 

" .- C 
~ ... - . ... . 

i !, , , ' , 
'! c 

f 
-. 0 

f) .... 
~ 

... ..., 
f 

oS ! - , 
1 .... 

"" lof ..., 
\ 11\ Il 

• If 
.... 

ct "a 

.$ i «J li' j t .. 1 

ci 
CI) 1 

1 

"Ii Cl 

,.\ .. . .. 
0 ct 41 ci ci lof 

, .. 
'! .f-t .. r'L .. =-

ci ci 

/. . , . ... 
/~I 

• /j~/ 4 • IJ 
ci ~ ,; 

,/ / / / ~ 
1 ) ,,> 1/ 

lit ' / / j'> 

lib .' .. / 1 .. .; . 1 

/ ,~ 

• 1 
~ l - -

0 S'L O'L s'' r 

,'. 

J . 
-" 

"' 
.-



" 

figUre 4.5 

.. ' 

0.5 , .a 1.5 

.. • 

.,. ,.. 

"'0 
4.. 

:r: 
Zo -a 
0;.,. 

~ .. 
le 

~ 
:z: 
U) 

0 ... 
• 
• 
" .. . . " ... ' 

~ . 
" ~ 

'. 

• • • • • • • • • · • " .. . 
" 

a.OlS a.lJSo 

• 
• • 

" 

a.075 0: 100 0.12' O.I$q 
1 . DEnEellONS IN 'INCIIES 
~ 

S.S 

• 

Il Irn:_ Kt 

6 .rn:,.. • .IC1 

+ Iftl:-- IelO 

'.0 

"! 

a.17S a.loo' 0.n5 

~ , • J 

89 

.. 
a 

" 
., 
'" ,.., 

ln 
oZ 
00 
~ ... 

:JI 
,1&1 
oZ 
...0 
... ...J 

li: 

Il 
0 
II: On 

:!...J 

" a:: 
cr: 

.(JILl 
al: 
~U'I 

° !'~. 

. 
.A C:OIIp8rison of the load deflec:tion response and 

of spec:illens SC9: ses and SCIO at failure 
a phà togra ID 

" 

.. 

,1 
, '1-' 

.' 

• '", ""'1 

:~ , 



/ 
:( . '. 

( 

" 

~ " 

, 
" 

Il 

, 
", 
h 
L , 

" .j, 

~ 
Iq 
:1 

" , 

1 
l 

r 1 1 

( 

i 
• 
! 

i~ .. 

o • 
0 
':' 

<no 
A. .. ... 
X 

zo 
_lit 

Q 
œ· OÔ 
.... " 
II: 
<1:0 .. ,,, 
1: 
en 

n 
N .. 

0.5 

. 
• ., . 

1.0 

.. 
• 

.. 
• 

, 1 . , OEflfCJIOHS IN MIlllHfTEAS 
1.5 • Z.O 2.$ '.D '.5 ~.O ".5 S.O S.5 '.0 

. . . 
• 

,', 

• 

• 

. 
• .. 

A ,Irtr .... IC' 
... -In'I". sc. 

l-"" "" 

L-----o~.-O-lS~--O~.O~5-0---a~,-Ol~5~~0.~I~OO~~O~.71~~--O~.~1~5~O--.~O~.1~7~5~-:O~.~Z5 
DEflECTlON5 IN INCttES 

90 

a 

~ 
cs 
:11 

n ... .. 
II') 

g:i .. ~ 
~ ... 

oZ 
",0 
~::! 

IC 

gc 
"'-

c 
œ 

00 
~ .... 

II: 
œ 

0'" 01: 
-", 

0 .., 

Pigure 4.6 0 A cœ~is("n of the load def~~étion re5ponse~ and 
" of specÏJIens $CS and sè6 at failure 

a photograph 
1 • 

1 
J 0 f 

'. .. l, 
1 

V-

" 

.Il 

" 

s 

.. 
" 

... . ' . 

j .. t 

·l' 



,1 " 
il 

/ . t 
f 
~ 
t 

t -" . ' 
, 

('. 

, , 
;, 
~ 
~ 
f 

, 1t 

i ·C j 

i-

t , 
\1 

<, 

t , 
i , 

Ï 
,f 

• C"', 

i 
l 

i 

0 • 

0 ,. 

"'0 
IL. .... 
li: 

Zo 
-'" 
o. a:o 
3~ 
11:, 
Œo w .. 

DfFlfC1ION5 IN "tlllnfTfftS 
.-__ 0,..,, 5~ ...... f._I1_--., ..... S __ 2T'_O_" -.,1. S J. Il ,. S '.0 •. , 5,0 

. , . 
• 

.,'. ~ ,,' . ' . .-:. .. . .. : .. :. : . '. 

• 

• • 

• ,Ii 

" 

.. 
• 

• . ' ". • 

. , 
" ~ 

El. JftCIllfI set .. • sne_. ~l 

S.S '.11 

,-0, I~, · '00 "" 

91 li 
• 1 

, '\ 
t 

co 
Cf ,.. 

... 
on ,. 

<fi 
oZ oc 
ftt-

:J[ 
U • 

pZ 
"'C 
"'-J .... 

..: 
gz 
"'~ 

0 
'n: 
~~ 

,,( 
Il 

'II -

\~, 

ï\ 
" X • • ; .. f 

_HC .... __ · /1: 
p •• JW " 

<1 

~ 

figure 4.7 

.,.. · Oi" '. .. .. ..... .... .... 
0 ... : 

)/ _'"1 ... 1 SC, 

O.OlS Il.CISO 0.015 0.100 0.125 6.150 0 • .,5 0.200 
DEnEeT ION.5 J N IPICIfES 

_Of 

,.,. or 
~'" 

n ... 

D,US 

'A e~riSOD of the lold deflection responses apd'a'photograph 
. of speciltens 5C2. Se3. SC4 and sés a t failure. • 

. " 

• 

• 

.' 



•• 
~... ..... , "'" ; ~- ~ 

1 .' 

'. 

\ .. 

la ., 
0 

0 '\ 

.. 
1 

.1 

'J 

---

.. 
",. 

. .. 
, . 

\ 

1.0 

0.9 

0.8 

0.1 

~. 
0:6 

0.5 

0.4 

0.3 

'0.2 

0.1 

. , 

0.05 

. . 

\ 
, ; 

o.~ 

, ' 

0.15 0.20 0,.25 

. ' 

Pi ......... ", ~ial 1 •• shea:r inteTaction diajr .. 
\, ' . . ., ,'. 

'\ , .. 

• 

92 

" ,," 

.. 

SCl 

~ 

0.10 0.3! 



iill"qf' ,) ••• 

~. 

./ 

\' 

o.~ 
'- SCll,SC12,SCll 

~ , 
\ 0.8 

0.7 

, 0.6 

* 
0.5 

0.4 .. 
G.3 .,.' :-

0.% 

0.1 <1 

,. . 

". 
o . ,0.2 

o 

é 

A SClO 

0.4~, 0.6 O.g, .. 1.0 

e 
1 

e 

... SC6, 
... scs 

A SC9 

~.2 

4-

o 
t 

~-.~-

l' 
! 

" 
,~~,,".;k'~ .... ht« ~,~ .... ' ... A ,;.l •• L ",,1 .. ' ~ , .. l .- • ~ , • ' • , ,.J'~ 

: 

, 
.-' 

,.' 
" .' 

.. r~'OC·"' 

..-,,,'f 

<' 

~", ... :!r' 

f'-4000 pll(27.6 HPa) 
c ..., 

1 

f'-SOOO pai(34.5 MPa) 
C • ,,--,--. / 

f~.6000 pal(41.4 HPa) 

1..4- 1.6 1.8 ' 

~ 

o 

" 

1\ 
\ 

" 

\ ' 

1 

1 
1 , 
! 
1 

2.0 

FiSure'4.9 C~parison~Df the design curves of the analytical model with the test results Il) 
~ 

• 

" 1 

';-

\~ 
, 

" .~ 

-- -~» --, -, ------,-
? 



. , 
! 
r 

( 

\ 
\ 

0; i \ i 

l 

L 
, ~. 

- r '. 

CHAPTER 5 CONCLUSIONS 

The analytical model developed in this thesis' together with 

/' 1 
t'ecOISendatl.ops for t}1e design of these c~ections are described below. 

5.1 Basic:: AssUllptions of the Analy~ic::al ,Model 

A linear strain distribution' with a .ax:iJaœ strain of 0.003 is..-àssœed . . 
1 t 15 alsb assumed tha t the neutral axis depth 15 th~ SaDIe above and below" 

the embedded structu~al 'stpel meaber. The neutral axis. de,ptb is detem~d 

sùch tha t equilibriUII of forces and moments on the steel is achieved (see 
~ 

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

triangular 5tra~'distr~bution having a max~ strain of 0.003 the Americap 
"> -

Concre~.Institu~e stress blode factors are used. Where the maxÏllua strain 

is less than 0.003 a parabolic stress distribution (see Equation 4.3) is 

a5sUlled and the stress.-block factors are calculated oased on the value of this 

maximum strain. ~ 

DIt is a5SU11ed that a connection protruding frOID two sides of a column 
1 ~ 

with zero effective eccentricity (e.g. equal loids ~ual eccentricities 
1 

on both sides) bas a unifo1'll strain distribution at ultimate of 0.003. ' A 
, ;... ~ 

connection protruding fraa one s i'àe OOly resul ts ,.in: 

a] a lIaxilul !train of 0.003 on th~ f~ttfaee\of the connection 
, 

b] a neutral axis depth exceeding one half 'of the eabedunt 

length o,f thé steel _ellber 
, 

and cl a re!Ulting strain in the concrete at thè 'blek, of the eIIbedded ' 
.' , 

steel ._er'\which 1s less than 0.003 depending on the eccentric1ty' 

of the applied load on the eOm1oction. 

o 

The\ resolts of 'speciJDens TC2 and rÇ3 vith _asurecL~train distributions confiraed 

,the validity of these &SSUllptions. 

:' 
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Effective Widtb of the Connection at UI 'tiJIate , 

9S 

AU ,of 'tlle specÎlllen5 tested ipdiëated tbat the effective width of , 1 

the connec tio~ a t ul tÏJIate is 'larger than th~ widtb of the eIIb~ded s~cbll'll1 

steel membfin". A s~dy of the specimens iJl!iicated that at ult:iJla;e the , 
\ , 

1\ con~ete' cover, spa?iOff in tbe' vicihi ty of 'the connect,ion and. theref~e 

is ineffective. ? nuas tthe maxiDuD effective width that uy be useld in 

calculating the c . t'y: of a connection is the width of the confined conCTete " r , 
core measure ta ,the outside of the column tiet. ,/ 

If the wid'th of the column is very large compared to the wid'th of 
/,1: '~ J, 

the embedded structural steel meJDber then it lPY not be possible far spreadi~g • 
~ , 

..., of the load to ~evelop over the entire w14th of, the c:onfined core. This WB. .. \... · 
~ 

demonstt'ated' by apecimen Tel having's confined cora width of 15 inche. (381 I11III) 

and an embedded ._ber wldth of 4 inchea (l02 .. ).' A stucSY of the s~C1aen st 
• 1 

7 

ultiJIate 'together with the need ta have a conseJ.:.Vative pre.diction fcri this well 

confined specimen rer1 'ted in an 8 iJ}ch (20~ lia) effeètive width used in the 

predic tians. 
fi'" 

It ïs recOllllllended that the effective width used in design 'be taken as 

. equal to the ~ller of the fOllowing,: . 

or 

a] r~ width 'of the confined concrete core ae,asured ta the 

outsisle of 'the 'col .. ties 

b] twice 'the width of 'the embedded structural steel _.ber. 
» • 

'lbe latter ,requireJlent i5 conse'l"Vative sinee i't is based on 0II1y one 

test and therefore further research ïs requirei:l. 
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'5 . .3 ,Effect of Shape of ElIbedded Steel Member 

The resul ts of specimens SC5 and SC6 indicate that a. connect~on .. , 
-::7 

incorporadng a wide flange lDellb~ is able to develop a larger capacitY. 
\ 

This is ~e to the effect of the àidi tional loading surface provided by. 
" . 

'the' bottom f1ange of the wide flange membèr... This effect ~ however. is 

not acc"ounted for in the design recamaendations • 
. , 

5-.4 Effeçt of Additional Re'n 

" 

; .. Additional: welded reinforc considerably in~ets~s' the c?ci:tr 

of these connections as demonstrated by the results of spe~m~5 SC:Z and SCS., ' 

,The ana1yti~a~ mode~ is capabl'e of u1clÙding the effects of the addi tioJl{l1 . ' 
" welded reinforcE!U!ent ~s outlined in Section 4.4. The analyti~l: model ) 

ac:.c:.ounts for the effect ·0; the presence ,~f the additional w~lded r~inforcement 
, . . 

on the strain di'strfbution and bases .the stresses in the reinforcesent on . , .. 
the strains derived from cOIIIpIl tibi li ty • 

5.5 The Effect of Axial Load· 
• 13 
1t was found that .increasing' the axial lœd decreases thé ductili ty of 

. 
the cODn}!Ction: The capaci ty of the conneetion was found ta increase with 

increasing axial load to a ~axiDn.œ value when the colUJIn is subjected 10 50 
, 

percent of i ts axiai load câpaei ty.. For Ya~ues of axial 1. 
~ 0 

. / 
ea ter than this 

value th~ capac1ty of the conneéti~~ was 'obs~ed to decrease itn increasing 
l' .. 

axial load. Por the range of axial lqads less than .75. 

capaéity of ~e colulm the çonn_ion strength exce~ the c:.apàcitr of 
. 

the c~ction at zero axial load. 
'" \ 

\ 
1 
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-) \ " . Based on the results of five specimens it is tentatively recommended 

that the capaci:tY of the connec~ion be determined by Equation 4.10 and 
~ " 

c Equation 4.12 for axial ~Qads less thau 7S percent of the ullll capacity of 
""~~. 

the column. 

f~ 
5.6 Guidance for DetailillB 

, specim( Cl demon~trated that if the embedded structural steel member 

is sensitive td' local bending then the full. effect.ive wid th of the connection 
, 

max not be developed. This can be avoided by choosing a stiffer member or 

in the case of a hoilow .struc~al steel membel' by filling the embedded member 

wi th concrete. 

Since- the effective width i5 dependent on the confinement of the concrete 

it 15 n~essary ta ensure that the region araund the connection be lj.dequately 

confined with column ties. 'Since spalling of the concl'ete "'caver takes place 

8t ultimate the fl'ee ends of the column ties should be anchol'ed in the 

coDfined core of.the column. 

5. 7 \ Desi&!! Aïd 

. . To fseUi tate the design of these connectio~ design curves ar~ 

presented in Pige 4.9 far connections with concreie strengtns of 4000 psi 

(27.6 MPa); sopo psi (34.5 NPa) ànd 6000 psi (41.41 MPa)~ 1be design· curves 
\ ".. . 

predict the decrease in connection-sttength ,vith inereasing eccenuicity of 
d • 

" ~ 

the lOÎ&d. The shear. capacity 15 pres~nt~ in non-diaen,ional'~on"is 

Vc/f~ t'''e and th!, .effecy.ve eccentricity of ,tbe loa.d is expressed ~ the 

nti% the eccentrlcity divided br the sbedaen"t la,th 'of the steel .,.,81'. . . . 
.. ,t t 

1bese design curves tlere~ prepared by the aethods outlined' in.S,sction 4.~: 

t 

," 
~I 0 0 
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The resul ts of the tests shown in Fig. 4.9 indicate tha t the analytical 

mode 1 conserva ti ve ly predic ts the trend in the resu 1 ts . 

5.8 Comparisons of Predictions 

The PCI Design Method and the analytical IDOdel developed in this 

'thesis are comptred with the test results in Table 4.1. The PC! Design 

-
Method uses an effective width equal to the w'idth of the ~bedded m~be~ 

G> 
and a strain di~tribution that is' independent of the eccentrici ty of the 

r ., ..-

applied load. In additioR this method assumes that the additional welded 

J'l3infore~ent always. yields. 

The PCI Design Method is overly conservatï:ve with measured strengthi 

.ranging from 2.41 to 4.12 times the predicted capacity of the ,conne;.5i0n 

for properly detailed specimens. ' The analytical model accurately predicts 

the capacity of the specimens with zero effective eccentricity within 2 . ' 

percent., The properly detailed specimens having zero axial load had 

measured strengths ranging hom 1.27 to 1.59 times the capsci ty predictéd 

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 

in~orporating embedded structural s tee! members. 
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NOTATION 

a eccen tri ci ty of the load from th e concrete surface, shear span 

a depth of equivalent rectangular stress block as defined by the 

\ 
A' s area of addi t~~ded reinforcem the rear of the embedded 

member 

As are a of additional welded reinforcement at the front of the 

connection 

b width of the em.beddéd steel member 

b . effective width in compression of the connection 

c compress ive force 

resul tant cOlDpli~ssive force at back of embedded member 

force in addi tional reinforcement at back of embedded member 

Cf resultant compressive force at front of connection 

Cfs force in additional reinforcement àt front of connection 

Es . ~dulus of èlastieity of stèel 

f~ compressive strength of concrete 

fe stress in concrete 
, f. ~tress in a4di tional reinforceaent at back çf embedded member 

fs stress in addi tional reinforceaent at fron~ of cqnnection 

fy yield stress of steel 

te .bedaent length, 

s ,----4i5tance frc. Gtreae coçression fibre to neutral axis 

distance froa back of -bedded _.er to neutrel axis 

X f distance fl'a front of connec:tion to neutral axis 

p axial 10ad 
1 

pu:re ax141 ca,.city of col ... 
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V shear load 

no.inal s,hear capacity of conneétion 
1 

nCllllinal shear capaeity of each side of a connection~' 

fram two sides wi th s)'lllletric al loading . ~ ~ _ 

addi tional nominal shear capaci ty provided by welded reinforcement 

nOlll~al shear capacity' of a conneëtion with addi~ional we1ded 

reinforcemen t. 

a ratio of average stress of equivalent uniform stress distribution 

to peak concrete stress 

B ratio of depth of eC{\livalent unifqrm stress distribution from 

e: 

€ o 

, 
extreme compression fibre to depth of neutral axu froID extreme 

dt 

compression fibre. 

AC! stress black factor 

strain 

maximum strain in concrete at back of embedded meaaber 
JI 

maximura strain in concrete at front face of connection 

strain ïn concrete at peak cOIIp1"essive stress 

• curvature resul ting fr<ll' strain distrihltion 

â displaceaent 

/ 

, , 
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SPIC~N Cl 

LOAD 

kip. kH ~ l 

0.0 0.0 4,. 
0.9 4.0 , -5. 
1.9 8.~ ,-2~. 3.a 14.2 -126. 
5.2 23.1 -161. 
6.!5 28.9 -1~0. 
'7,8 34.7 30. 
9.1 40.5 187. 

t O •• • 6.3 J'US. 
11' • ., 52.0 410. 
1 l. 0 57.8 4'51. 
1 •• 1 61.6 435. 
l5-.6 69 •• J8R. 
16.~ '7!5.2 3015. 
1a.2 al.0' '217. 
t 9.! e~7 63. 
aO.8 ' 9 .5 -~7. 
22.1--- 98.3 -16". 
a3.4 104.1 -219. 
2 •• 7 109.9 -215. 
2 •• ~ 1 US.6 -'301. 
16. lt1.Q -6\ • 
26. . 119.7 21. 
2'7 •• 123.7 31. 
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~ 

MICROS'l'l.AINS ON FRONT FACE OF COLUMN 

2 3 4 5 
~ 

2'3. -11. -c,. -12. 
17. -29. -50 .. -27. 

-2S. '-"39. -99. -~1. 
-99. -SA. -165. -7Q. 

-247. -Q3. -328. -97. 
-'397. -125. -504 ~ -q7. 
~588. -lIi2. -750. -151. 
-{f05. -1~9., -1"046 ___ -258. 

-106 O. -240. -1 ~44 • -326. 
-1306. -268. -186 Q. -324. 
-15'70. -296. , o. --2'91 • 
-1862. - 343. . o. -257. 
J..1961. -396. o. -226. 
-1945. -512. o. -194. 
-1864. -SQ4. -2110. -162. 

- -1475. -714. -1906. -1 t 5. 
-12!55. -A28. - 1222. -77. 
-1201". -874. -Sqt.. -151. 
-1119. -962. -580. -33. 

-8f17. .-1144, -620. -53. 
.-7es. -1450. '-482. -141. 
-759. -t'!52. 20. -17 t • 
-711. - 1 el4 2. 4'30. . -173. 
733. -164~. 528. - t 71 • 

. , 

-ro;._ ..... -.~,.... ........ "'!'-~,~~-

~ ',-
~ ., 

-~ - - . - _. -,--"-. 

<1. 

6 7 8 

t 3. 2. -3. 
-'5. -6. -\2. 

- 22. -21. -20. 
-6,9. -54. -37. . -116. -Q9. -59. 

-157. -141.' -R3. '50' 

-211. -195. -11'3. 
-281. -26~. -15.5 • 
-360. - 33'5 .. -204 .. 
-419. -399. - 251. 
-469. ~~84. -308. 
-468. -584. -3~2 • 
-416. -670. -435. 
-490. -769. - -519. 
-4R8. -857. ~. -471. -9Q6. -6 • 'i 
-4'55. -1144. -766. '\ ; 
-459. - 1 30E- • -824 • 
-473. -1476. -'186. 
-415. -1730 •. -968. 
-t87. -lQ64. -looe. 
-143. -2016. -1036.' 
-123. ... 2034 • -1058. 
-lit. -1952. -107 •• 

~ 
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r~- ------- . 
" 0 ') ~ ) 

... 
, 

1- ----- ---- -----._-
i ... 

SP~CIM!H C2 
, 

LOAD STEEL MICROS TRAINS CONCRET! MICROSTRAINS 
Jdp. kM 1 2 3 4 l 2 3 4 S 

• • • • • • • / .. -1..1"". -, U , • -li:> • 

1.0 •• ,A ;"166. -18R .. -157. 77 • O. - -61 • -HU. -124. -145. 
2.0 8.9 -170. -201, -132. -75, 3Q. -75. -2 \ 4 •. -144. -173, 
3.0' 13.3 -164. -20'7, -133. .. 83. 83. -6::». -238. -156. -1 q 1 • 
•• Q 17,ft -162. .-217. -139. -92. 1?7,- -Q4. -26f. -172. -216 •. 
S.o a2.2 -1t'0.1J -227. -153. -100. 131 • -10~. -295. -190. -244. 
6.0 26.'7 ; =-- 161. -240. -155. -114. 130. -124. -326. -?l 1 • -27A-. 
7.0 31'. 1 0 -uu. ~ -244. -156. -118. ~ 1'31. -13~. - 350. -224. -102, 
a.o 35.6 -142. -251. - 1.62. -129. 163. -149. -387. -246. -342. 
9.0- 40.0 -141. " -261. -169. -139. 265. -172. -4'4. -268. -'3J\4. 

10.0 ••• 5 - Ill. -26 •• -175. -141. 260. -187. -455. -285. -419 • 
1 t'.o 48.9 -\ 18. -265. - 178. -147. " 256. -205. -A93. -306,. -462. 
12.0 !!3.4 -12'1. -2'715, .-19'1. -158. 278. - 225. -S34. -330. -'50'1. 
13.0 '57.ft -110. - 274. -189. -16?. 285. -250. -590. -351. -554. 
14.0 62'.3 -109. -282. -197. -173. 200. -277. -632. -383. -612. 

i IS.O 66.7 -103. -~85. -2Q3. -IfU. 166. - 306. -68E. -4l4. --669. 
16.0 71.2 -98. - 90. -206. -191. 2 1 1 • - 3"3 9. -'750; -450. -732. 
1'7.0 75.6 -RI. -28'1.' -?09. -195. 274. -374. -fII2. -487. -790. 
18.0 80.1 -et. -292. -220. -206. 239. -413. -879. -526. -1:\6 \. 
19.0 84.5 -67. -288. -222. - 210. 223. -"44 S" -Q34. -563. -913. 
2 0.0 -, ' 89.0 -54. -287. -229. -218. 320. -489. -100~. -609. -984. 
21.0 9'3.4 -37. -27"!. -233. -218. 606. -54 O. -1098. -661. -1967. 
22.0 97.9 -27. -262. -242. ' -224. 7 21 .~- -632. -1225. -757. -1213. 
23.0. 102.3 -9. -24!3 • -250 ~ -225. 1656. -69'1. -1328. -828. -1328. 

'l 2 •• 0 106.8 27. - 211. "254. -222. :3 037-, --'179. -1452. -911..4. -1483. 
28.0 t 11.2 O. -221. '-267. -230. O. -810. -1494. -947. -1'560, 

, 

26.0. 115.6 35. --1:98. -27S. -235. 4889. - A9 :!. -l624. -1040. -1708. * 1 

2'7.0 lZO"i 79. -158. -278. - 231. 6132", -9q 1 • -1759. -tt43. -1878. l 

al. a . 124. 112. -108. -288. . -227. 6200. -1117. -1936. , -1279. - 2158 • 
29.0 '129.0 140. -65. -284. -1~98 • O. -127 O. -2164. - t 449. -24-08. 
30.0· 133.4 183. -lOi -263. -160. S-800. -143 C. -2368. -162". -2648. 
31.0 137.9 245. 63. -217. -121. O. -1657. -2604. -1892. - 2928. 
32.0 , 142,3 '300. 144. -169'1 -91. 4000. -1973. -2878. -2290. -322_ • 
33.0 146.8 330. 181. -t55. -78. a. .- -2110. - 29E2. - -24J e. -3)0~. 

34.0- lSt.2 363. 234. -125. -60. 3200. -2244. -J02A. -2564. -3364., 
15.0 l55.7-, 425. 340. -80. -9. 1790. -2586. -3130. -2948. -3492. 
30.0 160.1 476. 475. -3'3. 43. 328. -2~90. -~ë!5e. -3312. -.3570. 
36.6 :- 162.8 s20. 714'. ,2~ • 146. -606. -3688. -2783. -4628. -3323. 
3"1.-0 164.6 556. 827, 6 • 212. -1042. -3"98. -2"123. -507'!. -l253. 
39.6 l76.\ Sgs. 1088. 185. 386. O. -32A3. -611. - -5768. - 2018. 
40.6 _180.6 629. 1335. 340. 59/1. o. -2?0f\. 496. -4193. -383. 
41,_ 4 t 84. J 744. 1882. 809. 1105. o. -1427. - 879.: O. 3257. 

-;-

«1 
,,,~.;. ~~-~-

,. 1 .... - .,~".; ...... ' ".~ ~! 

c:~, -:::: ' ._ ,~l; -- ': >', : o 



t"~l '''1\ 1 .. ~_ "'+" 

:> '" c 
\-

\ ' -l ' · ~ 
SPECIHJUt cl 

, 
LOAD STEEL MICROSTRAINS 

" 

. ktp. tH l 2 J "4 

0.0 
Z,O 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

1 22.0 
24.0 
26.0 
28.0 
'30.0 
3L.O 
3a..0 
33.0 
3.,,0 .. 
35.0 

,36.0 
37"0 
31.0 
31.0 
40.0 
"ha 
42".0 
" 1.0 
44.0 
"4.2 
4".8 

~ 

0.0, ~3J2. ;"318.-~--]19.-----:'333~ 
8.9 -358., -351. -342. -359. 

17.8 -364. -361. -335. -~62. 
!6.7 -299. -402. -403. -362. 
35.6 -416. -421. -364. -421. 
44.S -42·9. -~!!. - ~36C;. -440. 
53.'" -437. ~449. -374. -~59. 
62.3 -447. '-461._ -379. -478. 
7-1.2, -453. -470. -:-38S. -495. 
80.1 -456. \. ~477. -390. -515. 
A9.0 -4.62. "- -483. -39B. -535. 
97.9 -466. -486. -407.- -556. 

106.8 -46~ -483-. -42". -58::». 
l't 5. E -451. -477. -429. -598. 
124.5 -6028. -558. -439. -621. 
l '-3.4 - 366-. - 40 2. -461 • -656. 
137.9 -334. -365. -469. -671.' 
142.3 -27.2., -290. -475. -684. 
1 606.8. -250. -256. ,-482. -698. 
USI.Z -229. -217, -489. -710. 
USS.? '-199. -17!. . -492. -721. 
l60-.1 -176. -87ot> -498. -1'33. 
1 64 • 6 - i 5 1 • -2 O. -49 9 ~ - 740 • 
169.0 -132. 32. -501. -746. 
1-'13.5 -104. - 107. -505. -751. 
177.9 -8-4. 172. -515. -757. 
182.4 --40. 334. -508. -751. 
1&6.& -34. 538. ·4~8. -613. 
191.3 4ft. 767. -420. -444-. 
195.7 79. 943. -30~. -258. 
196.6 92. l09!. -167. -89. 
,t99.3 13*,. t45-a-. 322. 468. 

o 

() 

'. ,1w ..... ~ ~ ':1, f 

\' 

l 
, -131. 

0 -184. 
-219. 
- 291 • 0 

-351. 
-418. 
-"75. 
-~46. 
-,616. 
... ..,03. 
-790. 
... Be7. 

- 102". 
-1 J 56. 
-,~~. -15 9. 
-1 8.' 
-1 2. 
-1759. 
-1861. 
-lQ42. 

'-2119. 
-2198. 
-2250. 
-2262. 
-224~. 
-2178. 
-17'33.) 
-1552. 
-1093. 

'. 

~~ 

CONCRET! M~CROSTRAINS 

2 3 

-161 • -3'18. 
-206. -423. 
-2'34. -488. 
-301 • -603. 
-355. -6Ql. 

~ -41~. - -773. 
-"71. - e41. 
-~4 O. - 90i>. 
-610. -965. 
-704 • - 1'040. 
~796. '-'107. 
-90S. -1171. 

-lOSA. -- tê5.5. 
-120.5 ~ -1323. 
-1412. - 14'22. 
-16~6. -1!5717. 
-1794. -1636. -
-1968. " -1732. 
-2142. -1021. 
-2294. -1942'. 
- 2416. -2052. 
-2738. -2268. 
-28Q6. - 2 ~fa. 
-?996. -2396. 
-2926. -2402. 
- 2'576. -245~; 
-1547. -2546. 
-948. -22.!2., 
-8RO. - 1 Q7:3. 
-84! • -1553. 

.$ 

---., 

.. 

4 

-lfO. 
-205. 
-233. 
-298. 
-352. 
-405. 
-459. 
-519. 
-584. 
-664. 
-743. 
-936. 
-964. -

-1090. 
-1250. 
-1470. 
-1554. 
-1696. 
"1815. 
-1956. 
- 2080. 
-?360. 
-2506. 
-2610. 
- 2668. 
-2586. 
-2106. 
-1863. 
-1680. 
-1300. 

" 

5 

-1~R. 
-23~. 
-264. 
-328. 
-376. 
-42R. 
-472. 
-531. 
-587. 
'-659. 
-"'30. 
-AIO. 
- 921. 

-1021. 
-1157. 
-1331. 
-1402. 
-151t. 
-1602. 
-170'3. 
- 1783. 
-1 9/S-9. 
-2076. 
-2178. 
-2?86. 
- 2340. 
-21 10 • 
-1846. 
-164ft. 
-145~. 

\ 

t--

~ -: 
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J 'IL 
.-- ) 

A 

'" ~ .& 

~ --:t _________ 

-- - -_. ~--- -
il .:, - -~- - -- --- - - .. - ... _--
li SPECIMEN C4 

LOAD STEEL MICROS TRAINS CONCRET! MICROSTRAINS . 
"lpa 

-
2 3 4 5 kM l " 2 3 4 1 

~ 
0.0 0.0 -643. -566. -&14. -A04. -362. -299. -470. -170. -504. 
2.0 8.4 -640. -583. -642. -416. -to58. -3<3'1. -~55. -417. -569. 
4.0 1'7.8 -660. -613. -714. -467. ,.!'i21. -403. -60A. -489. -t'Ol._ 
6.0 l6.7 -621. -597. -675. - 441. -52:3. -3~7. -659. -41'8. -645. 
15.0 ~5.6 -650. -647. -71:3. -464. -saf,. . -432. -724. -5'34. -712 • 
8.0 35-.6 -676 •. -636. - 571. -'393. -722. -75Q. -943. -810. ... t 0 26. 

10'.0 . 44.5 -655. -673. --593. -444. -768. -787. -1005. -R50. -1089. 
12.0 t 53.4 -690. -693. :'634. -446. -828. -e51. -1098. -889. -1143. 
'4.0 62.3 -670. -682. . -642-. - 497. -R80 • -~91 • -1184. -944. -1200. 
16.0 71.2 -641. -649'. , -6~4. -481 • -c)17. -936. - -1255. -98~. -1242. ., .. ~ 130.1 -065. -705. -E!!. -560. -9(')3. -1011. -1346. -1076. -1304. 2e.o_ 89.0 -645. -705. -634. -557. - J 043. -1064. -144" • -11 07. -t 184. 
22.0 97.9 -665. -685. -691. -586. -1124. - 116 ~. -1~7~. -11~0. -149'3. 
24.0 106.R -645. -670. -703. - 59l. - 1 174. -121i'.' -1667-. - 1270. - t,58 t • 
26.0 115. e -612. -679. -682.- -596. -120R. -1293. -1738. -1300. -164'4. 
28.0 12·.5 -631). . -678. -!65. -615. -.1 259. -1374 • - 1 SO O. - 134 1 • -1714. 

, 
! 

< 30.<0 133 •• --617. -707. -722. -688. -13.16. -1~60. -1916. --143"4. -1842. . 
32.0 '42.3 ",,687. -647. -730. -700. -1392. -1618. -2:>34. -1502. -1-994. 
' •• 0 HU.2. -623. -649. -690. -]34. ,-1516. -1720. -2184. -1642. - 2 086. 
3 •• 0 160.1 -60.1. -623. -73f.A -790. -1548. -1780. -2270. -1736. -2210 • 

.. 
, . 

~ 

"' 

__ , __ ~ __ .~r ~--:-
'.' ~. ~'.'- ---, ""'l'''''':''r;-;',; : .. 



'J / 

~ 

"1 

ç 

SPBCIMEN SC,l 
!.OAI> 

klp. kN, 1 

20.0 89.0 -65. 
~O.o 177.9 -135. 
60.0 ,,266.9· -220. 

" l~i:·~ 355.8 -35h. 
444.8 -384. 

, 120.0 533. a ' -44R. 
148,0 622,7 ,-5'10,' 
16 .0 711.7 ... 6ë!1 • 
180.0 800.6 >0 -717. 
200.0 1589.6 - -836. 
220.0 978.6 -1}50. 
240.0 1067.5 -1091. 
i60.0 llS6.S -1238. , ' ~ ~' 280'.0 1245.4 '-143"', 

t -'. r 100.0 1334,4 -1'719, 1 

~ -, of' 

'26.0, .1.50.0 -2000. l' . 
( .' 269.0 1l96.S' ~2"3, 
1 

1 

. , 

i .. 
1 

'-

"", • 

o 

STEEL MICROST.RAINS 
~ 

,2 3 4 

-61. -6,.. -54. 
-125. -135. - -123. 
-,200. -182. -170. 

. -32Q. -3~4. -309. 
-343. -339. -319. 
-416. -417e- -396. 
-492. -498. -:'81 • 
-S79~ -!94. -581. 
-666, -'690. -1=.80., 
-776. -AlI. -130'3. 
-ae'!. -932. -931. 

-1015. -.1 Oê\O. --1085. 
-lt 50. -1231. ' - 124." 
-.1 3,2" • -1424. -1464. 
-1580. --le92. -1"77, 
-1&"4" -1938. ~ -?,oeo. 

- 302-. - 27 '3. ... '349. 

'" f'\ 

.. -~ , ..... ---.~ ... "., ..... 
If /) -

~-
..-: 

CONCRET! ~IcaOSTRAINS 
l 

-56. 
-Il". 
-217. 
-350. 
-364. 
-440. 
-515. 
-604. 
-669. 
-794. 
... 897. 

-1016. 
... 1 134. 
-1276. 
-14SQ. 
-1638'. 

-188. 

'--

.. 

2 

-41. 
f,.,95. 

-1 e 3. 
-306. 
-320. 
-392. 
-0.67. 
-553. 
-640--. 
-742. 

• -1\39. 
-~64. 

-1090 • 
-1253. 
-1466. 
.-1642. 
~32R. 

3 

-66. -lm -2 9 \ 
-3 5° •. ';, 
-38" • 
-.59. 
-532. 
-f>12. 
-695. 
-7'\~. 
-~Al. 
-Qq6. 

-1117. 
-1270. 
-1,q2" 
-1 68A. 

-95. 

.. 

c 

- -- -- . _ ..... --~~-----------_ .... _------~ 

, 

i 
1 

~ 

\. ' 

l ,; 

'1 
t 

o 



D 
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1~ 

! 

'. 

, 

.., 

~ 

'.-, .. ,., ~.....,..""."" 
'':) 

'''t ... -'~-'" 

~ '1 

, ?, \ ~ 

~ 

.: " . SPEIlIM!l{ , SC3 

LOAD STBBL-MlÇlOSTRAINS 
Idpa kM 1 2 

0.0 0.0 - 1572. -234. 
5.2 ' 23. 1 -S91" -197. 
-7.9 34.9 -1134. -432. 
JO.4~ 46.2- .-618. -20~. -----
15.6 t 9 ,,3 -643. -21)9. 
115.7 9.9 -1126. -424. 
20.8 

, 92.,'. ." -1\73. -222. 
23, e 104. e ""l 1 SO. -4:'!6., 

,2&.0 115.5 -704. -234. 
3&.2 13A.6 -736. -249. 
33." 1150.1 -7l53.· -256. 
3.-6.3 161.7 -774. -?62. 
38.9 173.2 -794. -267. 
41.15 184.8 -810. -272. 
44.1 , 196. ~ -846. -280. 

,46.1 207.8, -8'48. -?o88. 
49.3 21-9.4' .' -e99. -292,-
51.9 230.9 -932-" >-300. 
54.15' 2"2.5 " -974. -302. .. S'hl .2154. a -t008. -:510. 
59.7 265.6 010 1040. -312. 

'0 62.3 277.1 -1'078.' -31 ~'. 
66.8 297.0 -1167. ..- 359. 

. 70.7 .314.5 ·-1407. -349. 
.--. . ' 62.8 279.5 -1637. -354 • 

, 
-c. 

''1. 

:-. 
"-

~ 
~ 

~ 

3 

O. 
O. 
O. 
O. 
b. 
O. 
O. 
O. 
O. 
O. 
o~ o.' 
O. 
O. 
o. 

,0., 
o. 
O. 
O. 
o. 
O. 
o •. 
O. 
O. 
O. 

.' 

1'""\ i 

'. ' 1 
\ 
1 
j 

Ji f ..t 
1 
1 
1. 
1 

0 ., 

-----~ - -

CONCRET! MICRGSTRAINS 
4 1 2 3 

. -62. -783, -816, -831. ~ 

-60. ":'891; -936.· -941.' i 

',-729. -1440. -3606. -180~. 
-75. -"984. -1029 •. -1028. ... , 

o -86. -1080. -1131. -112t5. 1 
-7J9. - t,.fi 20. -37' o. -18n. ! -104. -1192. -1257. -1237. 1 
-:17 7. -1f-32. -3848'. ~lg6e. 1 
-121 • -1307. -1403. -1356. 

L -142 • -1427. ·-1577. 
-

148U -154'. -1496. -1691. -1551 1 

-166. ~1560. _ -1804 : -161 ~ 
"-179. 1621. -1919. - 1 ~8ft-. ~ 

! 
-190]' -1680. O. - 1759. t • -214. -1762. -2236. / -1860. 
-223. -iStA. -2-382. -:1928. t -245. -19"'Z~ -2596. -2014. 

i ."? 261. -1952. -2826. .-2090. .-
-2A3 .• - - -2006. -3164. -2170. 
-305. -2068. -3500. -1.240 • 1 -323. -2112'. _- 3ae 2. -2294. 1 -345. -2152. O. -2348. -t 127. -2111. -3330. -2283. 

\ . 
- A07. -461. -"êo, -le9'! • 

'-2122. -641 • 725. -238R. 
ï 
i 

" L "-

f 

Q 

"1" 

1 , . 
...-I 



• "~': ... :t'''':''r .?~., ~~ \.,.t.~ -/",,- ~ 

~o-

~-

... 

... 

f. 

<:l • 

" 

........... 

","J 

~ 

\. 
~'-. 

~>-. 

'LOAD 

klp. 

0.0 
5.9 

-11.8 
17.7 
23.6 ~ 
29.! 
35.4 
" 1 • 2-
47.1 
!S1.1 
55.0 
57.0 

, 58.9, 
60.9 
62.8 
6'-.8 
66.8 

lA 

9 

• 

.... 
~. 

,. 

II' 

SPEClMÈN SC4 

kN 
" 

0.1)1 
26.~ 
52.4 
78.6 

1-04. e 
,131.0 
157.2 
183.5 
209.7 
21" f 
244.6 
253.3 
262.1 
270.8 
21'9.5 
28.8.3 D 
297.0 

If 

'" 

STEEL MICROS TRAINS 

l 2 

-.349. 
-'380. 
-410. 
-440. 
-462. 
-489. 
-1510. 
-521. 
-481. 
-413." 
-349. 
-221. 

-7. 
360. 
6'59. 

t341. 
2817, 

l 

-257. 
-26'! • 
-261. 
-258. 
-245. 
-22B. 
-204. 

..,-178. 
~ -142. 

-48. 
o. 

7'6. 
16~ • 
309. 
4Se. 
7cS'9. 

1 188. 

\-

'1 

~.,----iittJ .. ,!tJt~lil'~~~~c"~il -~ .. 

\ 
~--~ --.. .. +.,....----~ .. _". ..... _---~ ~~-

" __ ~ ____ --1('41 14Q4I;; 4EiiJii' """'. 

') 

~' 

o. 
o. 
O. 
O~ 
O. 

() O. 
o. 
O. 
O. 
O.' 
o. 
O. 
o. 
O. 
O. 
0 .. 
O. 

4 

-265 .. 
-28"1. 
-J04. 
-325. 
-352. 
-375. 
-404_ 
-427. 
-421'8 
-395. 
-379. 
-335. 
-253. 
-82. 
127. 
750. 

2081 .. 

"1 ...... 

r 

CONCRE'lJ MI:aOSTRAINS 
~ l 2 

-41 7 • 

-535. 
-667. 
-AO 1. 
-975. 

- 1143. 
-1369. 
-1692. 
-1881'. 
-1908. 
-1716. 
-1430. 

l-100S. 
• -944. 

-Q24. 
-771.-
-522. 

-353. 
-432. < 

• -526. 
-627. 
-747. 
-91:2. 

"':1157. 
-1536. 
-1740. 
-194fh 
-1934. 
-lA9ct •. 
-1792. 
-1913. 
-2054. 
'-1707. 
c_l~ 

;,-

~ 

Q 

3 

-553. 
-693. 
-:"eE!. 

-1045. 
-1252. 
- 1 !O!5. 
-179 t • 
- 224 3. 
-2535. 
- 2867. 
- 3037. 
-2987. 
-~?ot • 
-1829. 
-1513. 

°-1208. 
-1 C81 • 

-c 

f1 

~~ 

,", 

tr-"- ~ .. , -­
! 
1 

é l , , 

o 

,1 



. + 
1-<. ~ 

y 

\.J' 

. . 

"'-.-<. 

'J 

. , 

, J l.s • _UEUlt. -<@ 00044f!Mif!M4r ~~.-.--­.. 
~ 

~ 

( '. 

SPECDŒN S0. 

:) 

LOAD STEEL MICROS7RAINS 

~ k1:e- kfi 1 2 3 
!h9 26.2 , -16. - '153. 20. 

Il.8 \, !2.4 -2B. 1"9. 50. 
17.7 78.6 176. 753. 43. 
19'-6 '87.~ 632. 876. 84. 

• 21.6 9.6. 838. 96~. l30 • 
23. e 104.8 992., lOf. 9. 188. 
25.S 113.6 'J 1107. 116 o. 220. 
27.5 122.3 1 l54. 1206. 253. 
29.S 131.0 1131. 1190. 29!. 
31.4 rR~·8 1177. 1226. ê67. 
33.4 1 8.5 '1187. 1230. 273. 
3e •• 157.2 1293. l342. 349. 
37-.' 166.0 1271. 1328. ' ~E9. 
39.3 174.7 1481 • t 572. 493 •. 
41.2 183.5- 1539. 1574. 595. 
43.2 192.2 1595. 1638. 709. 
• 5.2 20C.9 1729 • ,751. 866. 
'7.1 209.7 1938. 967. 1190. 
49.1 218.4 a03Q. 206e. 1333. 
5t.l 227.1 2117. 2ta6. 1497.· 
SI.1 227.1 2179. 2352. 1725. 
53.0 . 235. ç 2285. 2436. 1837. 
55.0 244.6 2968. 2 .. 67. 1976. 

, 
• 

~ 

,.;: ... ;. ~ 
~ ,! ~ 

~ _____ ~' ... ,..L""' .... ··'_~ ~, .... ?"' .. ~ 

J ~ 

- ---

CONCRETE MICROS TRAINS 

4 l 2 3 
-61 • -173. -9q. -90. 

-138. -40~. -,25e. -216. 
-554. -982. -709. -600. 
-384. - 1 185. -884. -75f. 
-327. -1386. -1076. -8R5. 
-277. -1630. -1323. -1060. 
-241. - 1787. -14qe. -1188. 
- 223. -1936. -1664. -1302. 
-236. -205)3. -1815. - 1 ~8e. 
-238. -210e'. -18S 3. - 1424. 
-~34. -2200. -1993. -1518. 
-104. -2514. -2379. ~lele. 

-130. -24QS. -2459. -IAJ2. 
21 a. -2564. -2879. -1986. 
262. -2362. -3203. -2034. 
380. -2006. -2663. -1806. 

1415. -1609. -130B. -12~4. 

1952. -9~9. -86~ • -604. 
2246. -602. -745. -576. 
2604. -2~A. -561. -574. 
3156 • -366. -749. -596. 
3684 .. - :!98. -717. -608. 
,. 362. -191. -704. -603. 

0 

~ 



W·f': ,;11;-" ',; L'''' il uiUutu:t4.illl b:Pli U.#44I.q;;I1<A\$!,.I~·.-·"-_·-""""""."",~""", •• "",-."'V""".,,,. ............. "" ... /Uo"'f""",... ~ .. ~.:.I:i' 

J' o -- " 

---

~ 
~~ 

r 

-~-- - --- - -- ---

~,ECDŒN SC6 

LOAD STEEL MICROS TRAINS CONCRETE MICROS TRAINS 

'k12- kN 1 2 3 4 l 2 3 
3.9 17.5 -17. 33. -9. -~8 • 53. -7Q. .. ... 
,7.1} - , 34.9 -30. 6q. 1 1. -21. -91. -'66. -~9. 
ll.8 52.4 -46. 152. 14. -34. -12fl • -278. -138. 
15.7 69.9 -59. 339. 25. -22. - 1 Q,3. - 39 2. -189... 
19.6 87.4 -68. 486. "3. 6. -273. -552. -250. 
2~. 6 10 •• e -60. 626. 126. 4-1 • -348. -738. -JI4. 
27.5 122.3 -10 •. 772. 21 e. 10!!. -4 '56. -1017. -435. 
35.4 157.2 567. 109". 40.1. 19 J. -R;>8 •. -1920. -1104. 
~9.3 174.7 ,867. 1284. 513. ~75 • -1092. -25,34. -1~28. 
43.2 192.2 1203. 14se. E2C;. 355. -1422. -3304 • -198 4h 
47.1 209.7 1277. 143~. 6'33. 329. -11576. 

" 
JO 7. -2JQO. 

51.1 227.1 1409. 1484. 623. 297. -1770. ' J07. - 247f. 
5-3.0 235.9 15Al. 1'594. 71 1 • 356. - 1 Q44 • -4Q31. -2782. 
5!5- 0 244.6 1681. 1689. 746. 371 • -1984. -5381 • -3042. 
57.0~ 253.3 196'6. 2054. qo I!. 461 • -2014. -6521. - '!eoz. 
58.9 262.1 216le 230Q. 1016. 516. -1924. -b80t. -4867. 
59.3 263.8 2431. 2654. 1156. 696. - 1184. -6171 • -822. 
60.9 270.8" 2681. 2734. 1221. 986. -914. -5601. -232. 

" ~, 
'. 6' 

\ 



. 
1 

L 
I 

, .............. \ _.~~~';Jt."""~~~_-..,... . .t:"'-r- ...... ' ....,.,..,~...,~ 

,-'-~ ~----- - - -' .... ~ ........ ~ --- --- .~---- ~.- " 

o ~ 
~ 

\ 
'i 

--------
-;. 

SPECIMEN SCl 

LOAD STEEL MICROS'l'RAINS CONcam MICllOS'mAINS 

Idp. kM 
- 0.0 0.0 ' 

7.9' 34.9 
1 e. 7 69.9 

"23,.6 lO •• P. 
31.4 139.8 
39.3 174.7 
47.1 209.7 cS". 227. l-
53.0 235.9 
55.0 244.6 
57.0 253.3 
'58.9 "262.1 
60.9 - ~70.8 
62.8 79.5 
64.8 28B.3 
66.8 297.0 
68.7 305.8 

~ 
70.7 3t4.5 
72.7 323.2 
74.6 332.0 
76.6 '.0.7 
78.6 349.4 
80.e 36e.2 

~ 

j .. 

~ 

Si 

'I~·''''(''''~::r.r~' 

~ \;",~~:' ;~:;t~:~~i~~f' , . ,. 
~{",;".,i",,\."l";<.i"~, " ' 
'~'~"1"r"":I!-( ~~~:,.~., .~f.~~' ~ ~-
~j~ii:Sf.i':r~ :~~~ '1: ',,~ ,~, J 

l 2 '-1 4 1 2 
'106-;- - - 13-5. 96. - - -206.---- - -r05-;----Ttr9. 
104. -74. 126. \71. -82. 41. 
132. 86. 156. 145. -26~. -59. 
.86. 21S. 184. 135. -493. -183 • 
2SS. 353. 187. 140. -727. -329. 
712. 442. 229. 206. -1132. -559. 
99~., 542. 272.. 26S. -l{H2. -920. 

1064. 563. 291. 259. o. -1146. 
1108. 58!. ~ge. 25e. o. -1230. 
IlS4. 614. 320. 26S. o. -142B. 
1257. 637. 310. 254. o. -1541. 

·1343. 668. !~9. 287. o. -\665. 
1414. 694. 339. 302. o. -1784. 
1469. 715. 329. 314.' -2219. -2004. 
1573. 761. 355. 344. -1731. -~508. 
1641. 793. < 379. 366. -1611. -3024. 
1767. 855. 41~. 408. -156]. -3330. 
1869. 8AS. 433. 390. -1539. -3544. 
2019·. 949. 441. 372. -1607. -3416. 
2201. 1055. 523. 400. -1633. -3399. 
2319. 1099. 571. 406. -1589. -3504. 
2481. lt81. 629. 416. -1429. -3538. 
l333. 1-565. 643. 638. -1835 .. -3184. 

'. \, 

.,.........--..l.-........ ~,...~ 

., , 
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" , 

"-' 
'~ .. ~ 

'\ 

'. 

." 

9- -

LOAD 

, kiP!I 

") 

~ 

SPECIMBN SC8 

STEEL KICltOS'IRAINS 

kH 1 2. 

.. 

CONCRETS KICROSTRAINS 

3 1 2 3 
':5.9 26.2 -11. 19. \. 2. -121. -77~.~--~~55-. 
1 1 ." 5 2 • 4 - 26,. 9 1 • II! • - 246., - 1 ~ 0 • - 1 62 • 
17.7 78.6 -\8. 245. 53,. -;391. -324. -299. 
23.& 104.8 -9.- 429. !!l. -559. -470. -455. 
29.5 131.0 36. 57.. ~5. -741. -6.7. -619. 
35.4 157.-2 172. 7'67. 97. -1088. -964. -87C;. 
39.3 17 •• 7 191. 900. 121. -1280. ~~1134. -1021. 
4J.2 d~.2 185. '78). 118. -142'9. -1255. -1108. 
47.1 2!!) 7 21 !. 799. 117. -1594. - 13q O. 0 ,- l2t3. 
5t.l 227.1 340. 816 .. ' .110. -1826. -1561. -1355. 
S5.0 244.6 43~. 8"'.!S~j' 122. O. -1759. -1522. 
58 •. 9 262.1 552. 894. 138-. -2552. -L95ft. -1732. 
62.8 279.5 '584. 9~0. '160. 6 -2986. -2212. -1960. 
66.8 297.0 654. 984.' 166. -'3176. -1354. -19!e. 
70.7 314.5 730. 1046. lA.. -2566. -R~2. -1794. 
74.6, 332.0 870. 1139. 190. -1712. -684. -1112. 
1'6 •. 6. 340.7 1000. \ 1210. 22E. -1462. -594. -!!!2. 
78.6 349.4 1068. 1239. 252. -1304. -552. -140. eo.s 35'.2 1794. 1476. 472. -~38. ~560. 138. 
82.5 366.~ 2098. 1542. ~JO. -514. -629. laS. 
83.5/ 371.3 2616. 1656. 864. ·464. -654. 44. 

" 

'. 

~ 

~ .. 

"lit' ~ 

( ~ 

!"") 

---

~ r 

;, 
'\ 

1 

l 
i 

t 
! 

l 
~ 

J 
1 

L 



~'~"\i ~~J:.,~." .~~~ t'l ~::>~;I ~ l ' 

" .. , k .... ..... .......-,...... ....... _ .... '1.~. ~ ~ '>.-":I-~:=~ 

t'~';.'_P#W~Y1&' ,,'.''' , " ~ .' lE a Id t •• 
____ - 4 • li e'fII'.. ------- - --

~ 

, " 

'" .. 

• 

a 
I~ 

'" 

". 

\ 

" 

" 

~ 
--' 

,0 
,. .. 

~ 

'- -.-,-
'SPBcnma SC9 

toAD STUL MICROSTllAINS 4 7 CONCRETE KICROS'1'llAINS 

klp.- , kN 1 2 3 4 1 2 
----- - ~-------- -

0.0--. 0.0 -Il. o. -2. -a3. -3. -7. 
3.Ç 17.5 -nt o. 24h -16. -152. -162. 
7.9 14,9 -4. o. !!7. 4!11'-22. -294. -34!. 

11.,a 51!.4 292. o.' ~6. ~a. -524. -635. 
1!.7 69.9 649. O. 1.73. 144. -812. -Cjl96. 
~19.6 ,87.4 60S. o. 2!0. 254. -1201. -1465. 
23,.6 104.8 778 • ./ o. ;304. 457. -1724. -2150. 
27.5 122.3 952. O. '326. 3B3. -2212. -2B78. 
'11.4 139.8 1104. o. 1 472 • Bll. -~"14. -3834. 
3.e.-4 157.2 1329. o. /' 643. 1332." -3223. -5325." 
'4).3 ,174.7' 1684. o. Bea. 1832. -'1478. -6385. 
43.2 192.2 2060. O. 1286. 2905. -3170. -23~Q. 
" ., • l , 209 • ., 0 • 0 • 1698. 821 ., • - ~o 5 e. - 1 O~ • 
.. 9. t 2 1 8 • .. . 0' • 0 • 1 ., e " • o.. -:-'2 152'. - C:UI) IJ • 

"" 

" 
- 1 

" 
0

0 

" 
,/ 

' . 
.. 

" 

( 
1- ."'It> /" 

3 

. -15. 
" -125. 

-25ft • 
-469. 
-711. 
-965. 

-1278. 
- 160f. 
- 1982. 
-2590.-
-:!t7~ • 

.. -2114. 
,-615. 
-498. 

~ i 
j 

! 

i 
~ ! 

, , 
~ ] 

• 
~ 

, 

~ 

" 

• 
" , 

1 

~ 

1 



~ ..... ,.!I!.... ~ f t a g ,.Nn .. --_ .. -- ,.'----"II'.:"I""""-~--~_ .... ,.,..., ..... _--
_____ ~ __ -,.-_~ ....... ~ li' ""Alli ( ... " 

® 
''0> 

''J o 
-

" SPICDŒIf SC10 
", ~ ~ 

LOAD ,STBBL MIClOS'l.'1lUNS CONOuTB KICROS'lllAINS 

kip. ~ 1 2 3 4 1 2 3 

0.0 0.0 -14. ~17. o. -16. -12. -14. -12. 

1 
3.9 17.e 2. 10. o. o. -52. -~O. -61. 
7.9 34.9 3. 1 ~. O. -s. . - 106. -70. -12l • 

tl.a 52.4 4. 1 e. o. -16. -163. -ILS. -196. 
~, 1 !.-y 69.9 lt. 2"'. O. -25, -237. -lAI, "'295. 

-1 19.6 87.4 26. 112. o. -40. -'!21. -248. -~ge. 
23.6 104, ft 175. 62-'. O. -'9. -558. -445. -671. 
27.5 121.3 289. 786. O', 94, -'713, -509, -885,. 
~ 1.4 139.8 402. 899, C. 129, -8"75 • -745. -lnO. 
3! ... lS7.2 1055. 1081. O. 179. . -1261, -1142. -1"709. 
39.3' 174.7 1164. 1153. o. 198. -lSI2. -1435. -2078. 
43.2 192.2 1294. 1257. O. 226, -16AO. -1681. -237"2. '.".1 209." 1488. 140Q. O. 282. -1"SO. -2027. - -2668 .. 
fU.l. 227,1 1530. 1427., C. 312. -160S. -2501. -1744. 
55.0 244.6 1662. 151 l. o. 364, -888. -l!S73. -980. 
S8.9 262 •. 1 1877. 1578. O. 432. -61 t • -1032. -53:5 • 

,60.9 270.8 2096.~ 1679~ O. ~12. -4AB. -875. -S'8)'2. 
62.8 279.S 2336. 18607. O. 620. -356. -831. -700. 

t 
l 

f. 1 ! 1 ;; 

l 
~ 
t , '. ~ 

, ! .. : .. ~\ 
! - ':.J../:.' • 
1 

~ 

.' .. 

l' 



_____ ~-'-"'1, -'-___ • _______ -

~ ,.:i:/ 

Ij} 

'<, , 

o ':) 

,. 
.J 

~ 

'" 

--------------~----------~--------------------------~--------------~---------------- -----'. ".' 

, 

:: " 

1'-' .. ;1(;. 

LaAD 

ltip. 

20.0 
40.0 
60.0 
8'0.0 
9().o-

. 100.0 
110.0 
120.-0 
130.0 
140.0 
150.0 
160.0 
170.0 
175.0 
180.0 
ISS.O 
190.0 
• ,S.O 
200.0 
205.0 
210.0 
21S.0:-

,'. 220.0. 

SPEClMIN sen 
S'BEL KICRosmMUS 

kN _-1 

89.0 -34. 
177.9 - .. 2. 
266.9 -27. 
355.8 . -2t. 
4bo.3 -27., . 
•••• 8 9 • 
489.3 28. 
53".8 s •• 
578.2 A9. 
622.7 1 U). 
667.2 1'35. 
711.7 18!5. 
756.2 2.S. 
77&.. J07. 
SOO.6 333. 
S22.9 369. 
a45.1 413. 
&67.4 • '71. 
88.9.6 ~2l. 
911. e ,596. 
93 •• 1~ 665. 
956.3 783. 
t78.6 923. 

') 
2 

~31. 
-75. 

-114. 
-176. 
-162. 
-1 t 6. 
-46. 

10. 
70. 
84. 
99. 

129. 
148. 
157. 
166. 
1.,7S. 
190. 
208. 
212. 
219. 
226. 
2.Z. 
267. 

\ 

- < 
~ , -~ 

CONCRET! MtCROS'l'RAlliS 

3 4 l 2 3 

34. -101. - 24. ~16. ·76. 
62. -169~ -112. -51. -177. 
76. -186. -300-. 182. -~10. 
9!!. -11'7. .-!S08. 69. -436~ 
9E. -72 • -~24. -26. -509. 

1 1" • 67. -737. -ilS. -562. 
Il 1 • la 1. -853. -146. -60~. 
t 09. 26!5. -977. -171. -fltlt. 
t O!. 359. -1209. -449. -671. 
ll8. 409. -1370. 101 • -679. 
12 •• .63. -1 ~37. 171 • -684. 
179. 534 .• -1713,.' 16. -674. 
,!O~. 
.67. 
547. 
E40. 

584. -1764. -274. -eS9. 
627. -(799. -113. -639. 
652. -1814., 23~. -1iS39. 
685. -1825. 456. -e33. 

739. 
853 • 
968. 

1129. 

720. -1 A 32.; t J.lt6. -604. 
764. -1605. , 1'913. -553 • 

,796. -1"'9.3. 1994. -e22'. 
840. -1753. 1788. -434. 

1274. ,872. -1721. 1602. -!S09. 
1478. 
1723. 

A88. -L619. 428e. -49 •• 
838. -t4Q.9. 4803. -484, 

1;; 

'-

li 

j 

1 
~ --
l 

PI 
,-1 

t 

1 • - fi-, 

-l 
t 
1 
1 
1 
1 
1 



wrilir\1:."" 'l"":~~ ,. ' .. ~, \ '. HI "4 ~ if",! 1-~i :;l'"'t "'.;t. 
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~-;.-' ~ ;-

.... ,'" ~ 
':::~(' : 

e 
.. 

, ~ - ~, 

~ 

'; 

,~~. ~:'t ~', \ 
.. !.~~ , • 

?_ ... ~ 

_., .... . , ... "{-

t • 
" . 

-1'; "'<. (":." , 
. ." 

,. .. 

, 

, 

o o 1 
\, \ 

1 

---,.--._--------....,..------
i' 

SPICMN SC12 .. l , 

LOAD 

ktp. \ 

STBlL MICROS'l'RAINS CONCRETE MICRœ'DtAlNS 

Id( t 2 3 
l, 

4 1 . 2 3 
- •.. - - - .... _--

20.0 ft9.0 a.. 35. 67. 81. 44. 
40.0 177.9 91, 2. 90. so. ~4. 
60.0' 266.9 96. -i4. 90. 11. 5. 
eo.o 35$.a 103. -50. 92. -25. -20. 

, 10'0.0 •• ~.a t08. -75. 93. -7~ 8. -46. 
,120.0 533.8 113. -97. 95. -122. -64. 
':l30.0 578.2 117. -lOS. 911. -152. -67. 
1'.0.0 E22.7 124. -10!. 97. -193. -62. 
1$0.0 661.2 - lZ8. -Hl. t04. -223. -"7. 
160.0 711.1 139. -t32. 110. ~231. -83. 
170.'0' .~56.2 15S. -167. 109. -227. -87. 
180.0 800.6 188. -210. 109. -223. -S9. 
190.0 845.1 26l, -256. 114.-211. -13. 
20C):.,0 889'.6 356. - 264. 135. - 202. 42. 
212,0 '.3iO 446. -103. 226. -231. 227. 
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-!S.4. 
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-38. 
-CIl 1. 
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-246-. 
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-~a5. 
-836 •. 

-1084. 
- 1263. 
-938 • 
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~ --------'---------- _._---~_ ... _- -- -'- --- ---- ~-------------
20.0 -it-;o -----1-0.0.- -- ~-3S-;- ---T13~-

1\ 0 • 0' l '1"1 • 9 /' a., • - 9 • 1 1 3 • 
60.0 266.9 6~. -51. 112. 
80.0 355.8 SS- -117. 120. 
I~O.O •••• 8 57~. -181. 127. 
Il 0.0 .'9.3 68. -196. 127. 
120.0 533.8 100. -179. 150. 
130.0 5'1S.2 13". -103. 19~. 
140.0 622.7 '176. 31. 252. 

-ISG.O 661.2 231. 2... ~S9. 
160.0 "7ll." 35.. 6Q2. 532. 
110.0 756.2 466. 1390. 654. 

2. '29. 10'3. -12. 
-65. ~ -6a. as. -.1 e!. 

-111. - 239. 50. -338. 
-124. -439. 16. -545. 

-61. -645. -27. -74!. 
27. -776. -48. -1\45. 

159. -866. -87. -97 •• 
265. -A97. -135. -1134. 
353. -888. - 22 5. -1375. 
44 3.~ -704. - JI 1. - l!:ec;. 
~49. .. 504. -~.3 . -1.ct16. 
635. -183. -776. -1849. 

180.0 800.6 538. O. 757 • 
190.0 84S.1 6?~. O. 7'4. 
200.0 889.6 627. O. 1069. 

7 2l • 20. -956. - 1707. 
199. 279. -1276. - ! 238. 
726. 499., -1366. -1003. 

210.0 93 •• 1 764. O. 1~45. 1046. 207. -t\65. - l 206. 
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SPECIMEN TC 1 

LOAI> STEEL MICROS TRAINS CONCRET! MICROS TRAINS 

ldp. kN l 2 3 4 1 

0.0 0.0 o. :l. o. p. o. 
5.9 26.2 2. 51. -4. -16. -24. 

11.e 52.4 1<;1. - :3 • -7. -14. - Ill. ..-
17.7 78.6 73. B9'. -10. -17. -23'" • 
23.6 104.9 Ill. l50. -5. -2. -332-. 
29. ~ 131.0 174. 344. lQ. 46. -430. 
35.3 157.2 ' 291. '360. 128. C 2 O'. -5~2. -.- 41.2 183.4 395. lQ 1. ;!Q, • 199. -680. 
47.1 209.6 468. 407. 454. 295. "1!II024. 
47.9 213.1 511. l6S. f65. 527. -698. .. 25.1 11l.8 442. 325. 593. 453. -428. 
17.7 78.6 413. 297. ':;156. -- 4?!5. -402. "1 

9.8 4'3.7 342. 22Q. 50Q. 371. , -391. 
0.0 0.0 18~. 100. 405. 248. -373. 
0.0 0.0 182. lt!5 • '310. 235. -'367. 

Il.8 52.4 j 2R7. 212. 374. 272. -391. 
17.7 78.6 351. 26Q. 417. 302. -.:391. 
35.3 157.2- 501. 698. 480. 380. -444. 
41.2 183.4 538. 359. 522. 'U 5; -409. 
47.1 209.6 574. " 390. 581. 446. -5lA. 
5~. 0 2]5 0,8 606. 419. h 6'1. 568. -419. 
56.9 253.3 595. 49Ef'. 892. 91 1,. -384. 
58.9 262.0 571. Sq8. 926. 1015. -128. 

1 53.0 23!5.8 302. 760. Q-Il. 1012. -334. 1 
l' 29.5- 131. ° 223. 703. 789. 834. -278. 

11.8_ 52.4 121. 55,. • 668. 674. -281. 
- 0.0' ·0.0 82. 2A2. 476. 413. ri 
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SPECIMEN Te2 

~ LOAI> STEEL MICROSTRAINS; CONCRETE MICROS TRAINS 

kipi kN 1 2 1 2 3 4 5 6 

O.e) 0.0 o. o. 
1.3 5.8 -63. -R. -67. -?' 1 • -45. -~. -1 • -25. ' 
'2.6 11.5 liS. -31. -11". -14 ~. ' - 104. - 2. -14. -31. 
).9 17.3 160. -44. -175. -?os. -ISO. -5. -29.- -42. 
5.2 23.1 203. -56. -244. -2'0. -200. -12. -47. -56. 
6.5 28.9 25'3. -72. -J 17. -335. -252. -21 • -71. '-76. " 7.B 3".6 305. -8~. .. - 397. -404. -306. -29. -92. -91'l. 
9.1 40.4 3591i -89. -485. -477. -'362. -38. .. 112. -115. ~ • 10.4 46'.2 4 OP.. -96. -574. -549. -417. -409. -132. -13~. 

11.?- 52.0 454 .... -101. - 6f;? • -626. -47f. -59~ -151, -149. , 
13.0 57.7 499. -10"6. -7'59. -"(1',, • -~31. -68. -.169. -164. . - , 
14.3 63.5 544. -"'la"'. -8RI. -7<;5. -Q05. -84. -:.192. -UH. i' 

1 s. E 69.3 591. -11 o. -9C)-:' • -882. .... 668. -98. -21~ -191. 
16 .. Q 7!5.I' 638. -10 7 • -1141. -9ÇlO .- -744. -115 .. -25~ • -194. 
18.8 83.7 695. -ll4., -1370. -1171~ -e69. -150. -29 !J. -2t2. 

~ 19.5 86.6 720. -115. -\478. -1260. -~29. -166. -JQ7. -21&. 
.20.8 'Q2.4 7159. -117. -'1604. -1357. -993. -IB2. -329. -232., - \ 

22.1 98.1 800. -118. -1 7 fJ7. - 1'489. - 107 E. -205. -352. -246. " 
23.4 103.9 e36. -118. -1952. -1612. - liB 1. -23a. -371 • -255. 
2 •• 7 . 109. 7 878. -113. -2282. -lP69. - 1 ! 1 O. -273. -400. -262. 

,(. 26.0-· 115.5 916. -lOS. -2606. -2112. -1460. -313 • -.24. -27'0,. 
.. - "\27.3 121.2 958. -97. -i!890. -2344. -1610. -351. -454. • "274. 

28.6 ~~~:~, 994. -7Q. -.3'3(')2. - 2707. -1 e 12. -399. -4-86. -266. 
29.Ç 1020 •. -54. "'3776. -3336. -217 o. ~471 • -535. -235. 
31-.2 138.6 1070. -14. - 3!S4 1 • - 3964. - 2565. -546. -605. -200. 
32.3 143.8 1110. .B 1. -1 7 33. - 37Q2. - 3L45. . -fiel. -780. -4 O • 
J 1.3 139. 1 1 145. 311 .- -346. -1692. -1335. - t 951 • 1775. 50. 

0.0 0.0 15. 10. -') -156. -1541. - 1225. -516. S'57. 29. 
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~ k:l.p. kN 1., 2 l 2 3· 4 5' / 6 
d.o 0.0 o. O. 
1.3 5.8 81. 96. -15~. -~3. -33. o. -64. -140. 
2.6' 11.5 16A. 200. - -384. -214. -80. O. -t2S. -316. 
3".9 17.'! 20'}. 270.'~ -570. :;"321-. a-1l7. O. -197. -478. 
5'.2 23.1 262. 346. -7~8. -432. -156. O. -261. -~O. 
6.5 28.9 321. ~ 445. -1030. -h02. -220. o. -350. ·Q52. 

·p7.~ '34.6 367. 533. _ -132,6. -797. -300. O. -458. -1111. 
, 9.1 ~ 40.4 " 428. 629. ,-1669. -1020. -401. O. -602. -1494. 
'\ 10.4 46.2 488. 718. -lQ93. -1275. -530. O. ·"766. -1gel. 

} 11.7 52.0, 556., 814. -22B4. -1523'. -650. O. -Q42. -2474. 
13.0 .57.7 640. 918. -2~:f6. -1903. -,.7a. 0.. -12~2. -3171. 
14.~,""" 63,.5 734. 1026. -2491. -2353. -12040. O. -1660. -3193. 
15.6 t 69.3' 832. 1130. -lB74. -3206. -18~0. .0. -2456. -3396. 
16.2 72.2· 927. \210. -974. -1976. -20!5e. o. -fi 5'3. -184B •. -' 
16 .. 9 75.1 10R7 11 13"30, -834. -Q31. -19'-5. O. -993. -1296. 
17.1 76.2 1212. 1400. -837. -556. -1775. o. -96a. -ll~B. 
17.5 77.9 1272. 1450. -729.... 1524, -680. o. -956. -843. 

,.,. lA.CJ ",66.4 1262. 1360. -719. I30Q. -520. O. -9'58. -ft33. 
0,..0 Q.O 37. -A5. -àRA. 2~9. -220. O. -~Oq. -A96 .. 
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SPECIMEN TC4 

IDAD STEEL MICROS TRAINS 
~ v 

klpa\ kN 
.~ 

1 2 3 
o.-o~ --lh€i " 0. 6. o. 
2.6 li • 5 - 1 9. 4 8 • 
5.5 24.3 -2Q. 128. 
7.8 34 • 6 31 3 .' 26,:\ • 

1 \ o. 
243. 

Q lCh. 46.2 !S14. 362. 
1'.0, 57.7 691. 474. 

336. 
424. 

"" 

" 

15. i! , 69.3 1591. 596>-. 
18,2 -- 80.e ~074. 712. 
20.8 ~2.4 2~96. B24. 
23. .. 1 03. 9 0 • 1 004 .. 
2.6.0 IIS.5 3731. 1060. 
24'.7 109.7 O. 1225. 
0.0 C> 0.0 2.194. 635. 
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4 . l 2 3 .... 
o • _ 0 ...... o. O. 

-29. -64. -16. -64. 
-49. -1'="1. ,-51. -172. 
153. -404'. -9!o. -4!~. 
454. - 647,0. -18~. -813. < 

; 673. -913. -322. -1249. 
873. -1190. -554. -1697., 

1077. -1506. -884. - ~ 1 O!. 
'1289. ... t8cf~. -1250. -2469. 
11')05. -20:32. -1,77'$.: -'2777. 
11355. -2016,. -t.5t. - 191 e. 
15QS. 699. -276. -1096,' . 
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