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Abstract: Composite action between a reinforced concrete deck and steel girders is usually achieved by making use of welded heade
shear studs. The mechanics of shear studs embedded in mature concrete has been investigated extensively in the past. Current literat
however, lacks experimental evidence of steel—concrete interface behavior at early concrete ages. This information is useful in unde
standing the behavior of bridges during construction. Current testing methods are not suitable for determining the response of shear stu
embedded in early-age concrete. In order to avoid this limitation, a new pushout test setup has been developed. A total of 24 pushout tes
were performed at concrete ages rangingnfibh to 28days. Test results were used to develop load—slip curves and strength expressions.
Furthermore, the variation of concrete properties with time and the applicability of the existing code equations for predicting early-age
concrete stiffness were examined. Test results revealed that shear transfer is achieved at very early concrete ages and rate of stiffness ¢
of concrete is greater than that of strength.
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Introduction vary from hours to several days. As a result, portions of bridge
girders may become partially composite in sequential stages. Re-
Composite members consisting of a reinforced concrete deck sup-cent field studies on curved trapezoidal steel box gir(Espkaya
ported on steel girders are widely used in building and bridge 2002 revealed that measured cross-sectional stresses and brace
construction. Composite action between a steel girder and con-member forces during construction are significantly different than
crete deck is achieved by the horizontal transfer of shear at thethe analytical predictions if the girders are assumed to act non-
steel—concrete interface. This transfer can be attributed to severatompositely. Analysis for construction loading should take into
mechanisms, including adhesion, friction, and beariMest account the partial composite action developing between the con-
et al. 1997. Because of their lack of reliability, adhesion and crete pouring stages. In order to accurately model this phenom-
friction are typically ignored for design. Therefore, steel elements enon, a thorough understanding of the behavior of the concrete
welded to the girder and embedded in the concrete are assumed tgeck—steel girder interface at early ages is essential.
provide a reliable shear connection through bearing. Among the  An investigation of shear stud behavior is carried out by per-
many types of _connectors available, welded headed shear StUd%rming pushout tests. A new test setup for performing pushout
are the most widely used. _ tests on specimens with early-age concrete is proposed. A total of
All the research reported_ to date has focused on the behaviory, pushout tests were performed at concrete ages ranging from 4
of shear studs embedded in mat_ure concrete_. An area that.ha§1 to 28 days. In this paper a summary of the previous research on
been overlooked for many years is the behavior of studs during gesr studs and early-age concrete is given. The results from the

_early ages of concrete._ This information_is particularly useful in pushout tests on specimens with early-age concrete are used to
investigating the behavpr of bridges d“””g construgtlon and the develop load—slip curves and strength expressions. The variation
deveI?prfnekr]]t (.)f colmpolsne strength art1_d stiffness prlor_tto éh_z '€ of concrete material properties with time is examined, and the use
tmhovg ok.s orlng.” na ?Qg-span, (t:)on |r}uotus, co(rjnpo? eth ”I 98, of existing code equations for predicting early-age concrete stiff-
€ deck IS usually cast In a number of stages due 10 In€ 1arge, . is eyaluated. The effects of changing concrete strength and

volume of concrete and the need to control shrlnkage..Each COMtitness on the performance of shear studs preloaded at early ages
crete pour takes around 2—4 h to complete depending on theare presented

bridge dimensions. The time gap between pouring stages could
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mum compressive stress. This stress is reached at a strain value
between 0.0015 and 0.003.

The initial tangent modulus increases with an increase in com-
pressive strength. The modulus of elasticity of the condigtes D &5
a function of the modulus of elasticity of the cement paste and s
that of the aggregate. Empirical relations have been developed to

rising portion resembles a parabola with its vertex at the maxi- l

expressE, as a function off . For normal weight concrete with e
a density of 2,300 kg/fm(145 Ib/ff), American Concrete Institute ;
(ACI) Sec 8.5.1(ACI 1999 gives the modulus of elasticity as ;
7. Vs Ve 7.
E.=4,730Jf, MPa o Elevation Top View
(Ec=57,000/f_ psi Fig. 1. Conventional pushout test setup

This equation was derived from short duration tests on con-
crete and corresponds to the secant modulus of elasticity at ap- ) )
proximately 0.45—0.5, . Because this equation does not depend 28 days. The elastic modulus was observed to grow very rapidly
upon the type of aggregate used, there is wide scatter in the data@t €@rly ages. In addition, the writers concluded that the ACI
Measured values may range from 80 to 120% of the specified €XPression for elastic modulus overestimates the stiffness for very
value.(ACI 1999 early-age concretes.

Overview of Mechanical Properties of Concrete Overview of Behavior of Shear Studs

at Early Ages An experimental investigation of shear stud behavior is usually
Concrete gains stiffness and strength with time. The rate of carried O.Ut by performing pushogt t?StS' Althoug_h there is not a

AN . standardized procedure for fabricating and testing pushout test
strength gain is dependent on the type of cement and admixtures

used as well as the moisture and temperature conditions duringSpeC'menS’ most researchers have used similar, though slightly

curing. Most of the previous research work has focused on theg'fgacrii:]é’npgﬁggu;fe%ilség ?(!‘ ;3?12; aetsyp(;lfcglvsusshh;ué tﬁier a
strength gain of concrete at different times and temperature con- P ' 9 pe. !

ditions (MacGregor 199% Apart from the strength gain, other slab is poured on each side of the W shape so that the studs will

mechanical properties at early ages have been investigated bybe embedded in concrete. The specimens are tested by applying

- .~ .—an axial force to the W shape. A conventional pushout test speci-
several researchers. Below is a summary of the key work in this . A . X .
field men is shown in Fig. 1. During the test, vertical slip between the
Lew and Reichard1978 investigated the rate of gain of the Sl‘fib and _beam are measured_. Specimens are gengrally loaded to
. o - failure, with or without unloading and reloading, during the test.
compressive strength, splitting tensile strength, pullout bond

. ; - load—slip response for a shear stud such as the one shown in
strength, and elastic modulus with temperature and time. Standard_. . ; .
- . o . ig. 2 is obtained as a result of a pushout test. The load—slip
cylinder compression tests, splitting tensile tests, and pullout

bond tests were performed on specimens cured at different tem_behawor is nonlinear. In general, the unloading of specimens does

. - not affect the envelope of the curves. The reloading is linear until
peratures. Tests were carried out at ages varying from 1 to 42the maximum load orior to unloading is reached
days. Lew and Reichar@978 determined that the rate of in- ) P 9 : .
. o ; . The ultimate strength of a shear stud and the mathematical
crease in the splitting tensile strength was approximately the same

; o ; . representation of the load—slip relationship are the two most im-
as that of compressive strength. In addition, the rate of increase in .
the pullout bond strength and the modulus were found to be portant results of a pushout test. A large body of knowledge exists

slightly greater than that of the compressive strength. for shear stud testd/iest et al. 1997. The following equation is

. . T - recommended by the American Institute of Steel Construction
Oluokun et al(199)) investigated the applicability of existing L . .

. X - (AISC 1999 specification to predict the ultimate strength of a
relations to characterize the properties of concrete at early ages. h tud:
Cylinder compressive strength, elastic modulus, and Poisson’s™ 1ear StUd:
ratio were tested for four different concrete mixes at concrete ages
ranging fran 6 h to 28days. A significant finding of these re-
searchers was that the ACI 318 relation for elastic modulus is 100 - Qu
valid at ages 12 h and greater. Poisson’s ratio was found to be
insensitive to the age and concrete mix and could be taken as
0.19.

Khan et al. (1995 focused on the early-age, compressive
stress—strain properties of low-, medium-, and high-strength con-
cretes. The specimens were subjected to three different curing
conditions, namely, temperature matched, sealed, and air-dry cur-
ing. Stress—strain behavior was monitored at ages ranging from 8
h to 91 days. Their study revealed that during the first few hours
of hydration, the stress—strain response exhibited extremely low
moduli, low compressive strength, and very high strains corre- Slip (mm)
sponding to peak compressive stress. After about 24 h, the re-
sponse for all of the concretes started to resemble the response at

Load (kN)

0 i 2 3 4 5

Fig. 2. Typical load—slip response for shear stud
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Qu=0.5A/fLEc=<AsF, 2 Finger-tight
bolt

where Q,=ultimate strength of a shear stud(N);
A.=cross-sectional area of shear stg@n?); F,=minimum
specified tensile strength of stud steel; dacindE, are in MPa.

The mechanics of shear transfer is not yet fully understood. It
requires micromodeling of the shear connector. However, speci- ) )
mens cut into halves after testing give some insight into the de- Fig. 3. Schematic of pushout test setup
formation patternOllgaard et al. 19711 An interesting observa-
tion is that shear studs exhibit ductile behavior. Formation of high
local stresses results in the global ductility of the connection.
Concrete, however, will experience inelastic, permanent deforma-
tions or local crushing around the welded part of the stud. The
void that forms due to local crushing permits the stud to deform
(Viest et al. 1997. Because of the deformations occurring in the
stud, the overall behavior is ductile.

As mentioned earlier, there is no standard procedure for push-
out tests. There is wide scatter in the results due to differences in

test specimens, the methods of casting, and test procedures. Teagear StUdS. embedded n early-age concrete tha_t meets all the
setups like the one shown in Fig. 1 are prone to premature sepa-.a ov.e-mentloned constralnj[s. The test setup consisted of a load-
ration between the slab and the steel W shape in the direction'9 fixture (A), a test specimeriB), and a spreader beaft)
normal to the slab surface. In addition, results are affected by the(F'gs' 3and 4 . . . .
frictional forces developing between the base of the test slabs and For each specimen, a box-type_ formwprk ha_vmg dimensions
the reaction floor due to the tendency of the slab to separate. of 915 mMx610 mmx203 mm (36 |n.><2_4 |n.><8_|n.) was pre-
Another discrepancy arises during the interpretation of the test pared. Plywood was placed on three sides while a 610(@4.“.
results. The ultimate strength of the shear connector is defined aén') long C8x11.5 channel section was placed on the remaining

the maximum load attained per stud during a test. This ultimate side. (;I’heb changel' sefglorll S;'.NEd as forr_rr1wor'5 as6 W?I:c as a
strength value is directly used in the design of shear connectors: P ader beam during the foading process. Two No. b reintorcing

without considering the interface displacement demand. In the bars were placed at the bottom in both directions for the ease of

. handling specimens after testing. Reinforcing bars were located
study by Ollgaard et a[1971), the maximum load was reached at !
slips varying from 5.84 mn{0.23 in) to 10.7 mm(0.42 in). In 51 mm(2 in.) from the edges of the formwork. Two shear studs

were welded to a 16 mm254 mmx1219 mm (5/8 in.xX10

reality, these magnitudes of interface slip could not be easily tol- . . - . . .
erated by a structure. Therefore, during the design stage, valueén'X48 in) flat plate using standard stud installation equipment. A

lower than the ultimate strength should be used to limit the inter- plastic sheet was wrapped around the flat plate to prevent bonding
face slip demands between the steel plate and the concrete. The flat plate was placed

on top of the formwork with the studs oriented downward. After

completing all the forms for each test specimen, concrete was cast

inside all the forms and vibrated according to standard construc-
tion practices.

Current literature lacks experimental evidence of steel-concrete The specimens were tested by making use of a loading fixture.

interface behavior at early concrete ages. This information is es-A loading fixture was constructed by welding a 305 rit2 in.)

sential in understanding the shear transfer between a concretéong and an 1829 mr{v¥2 in.) long W8x 18 steel section together.
deck and girder top flanges during construction of bridges. All A 267 kN (60 kip) capacity hydraulic ram was bolted to a plate
pushout tests previously reported were performed on mature con-that was welded to the short section of the loading fixture. The
crete. It is necessary to obtain load—slip curves for studs embed-loading fixture was lifted into position and was connected to the
ded in concrete and subjected to shear forces from 3 to 48 h afterflat plate of the test specimen by four 19 ni814 in) diameter
concrete has been poured. Obtaining this information entails cer-A325 bolts. Two holes with a diameter 17 m{hl/16 in) were

tain experimental challenges. Standard pushout tests were foundlrilled into the flange of the channel section, while, two holes

not suitable for testing specimens at early ages. There are conwith a diameter 27 mn(17/16 in) were drilled into the flat plate

straints on the test setup that need to be addressed in testingt coinciding locations. Two 16 mii®%/8 in,) diameter A325 bolts
specimens with early-age concrete. were used to connect the two parts. These bolts were necessary to

1. The testing should be completed in a very short time period.
Otherwise, time elapsed during testing of replicate speci-
mens would cause concrete to change properties. A guideline [T
established for the research reported herein was to have all -
replicate specimens tested within 15 min.

2. Prior to testing, specimens should not be moved because
unnecessary handling may damage the early-age concrete.
Transportation of specimens may also expand the time inter-
val between tests. This constraint limits the use of a test
machine because specimens have to be cast and tested in
place.

3. If possible, specimens should not be anchored to the floor or
to another fixture. Application of loads to low strength con-

crete may cause damage to the specimen around anchorage
regions, and local failures in these locations may result in
undesirable behavior.

Pushout Test Setup

A self-contained pushout test setup was developed for testing

Investigation of Steel—Concrete Interface Behavior
at Early Ages

Fig. 4. Side view of pushout test setup
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Table 1. Composition and Properties of Concrete Mix

Material Source Weight
Cement TXI type I/1l 255 kg/m (430 Iblyd)
Fly ash JTM Industries Class C 89 kghf150 Iblydf)
Fine aggregate TXI concrete sand 693 ki(ih, 168 lo/yd)
Coarse aggregate TXI"Washed gravel 1,158 kght1,952 Iblyd)
Total water City of Austin 121 kg/m(204 Iblyd)
Water reducer/retarder D-65 0.93 kg/i25 oz/yd)
Water reducer/retarder D-17 0.33 kg/® ozlyd)
Air entrainment Daravair 0.13 kgf(3.6 ozlyd)

counteract the tendency of the loading frame and the concrete Class-S type concrete, which is used for bridge slabs in the
slab to separate due to the eccentricity of the jack loading axis state of Tex., was selected for use in the test specimens. Accord-
and the shear plane. A hydraulic ram was connected to a handng to the Tex. Dept. of Transportation construction specifications
pump in order to apply the loading. (TxDOT 1993, Class-S type concrete should meet the following
During a typical test, the load—displacement behavior was requirements:
documented by collecting data & s intervals with a data acqui- « Minimum compressive strengttf() (28 day:28 MPa(4,000
sition system. The load was monitored by making use of a 222 kN psi);
(50 kip) load cell that was attached to the loading ram. Displace- « Minimum flexural strength(7 day):3.9 MPa (570 ps) [3.6
ments were measured with two linear potentiometers that have an  MPa (525 ps) when Type Il or Type l//ll cement is usgd
accuracy of 0.0025 mn0.0001 in). ¢ Maximum water/cement ratio: 0.47; and
One minor detail about the setup is also worth mentioning. « Desired slump: 76 mni3 in.) [102 mm(4 in.) maximun.
Although the spreader beam was not connected to the floor, it did Concrete was ordered from a local ready-mix concrete supplier.
not uplift together with the loading beam when both were tied Weights for the ingredients of the delivered concrete are given in
together. The tendency to uplift was prevented by the formation Table 1. The measured slump of the concrete was 89 Babnin)),
of frictional resistance between the channel section and concreteand the calculated water/cementitious rdticluding fly ash of
block as a result of the applied load. In order to increase the the above mix was 0.35.
resistance against uplift, a layer of No. 6 reinforcing bars was A shear stud diameter of 19 mf3/4 in) was chosen for all
welded to the web of the channel section to act as a shear keyspecimens because this size is the most widely used in practice.
The shear key together with the frictional resistance ensures thatAll studs were 127 mng5 in.) tall. The pushout specimens were
the hydraulic ram remains in a horizontal position and the direc- prepared in two rows, each consisting of 12 specim@ig. 5).
tion of the load does not change throughout the test. The loading beam was hoisted from one specimen to another for
testing.

Test Program

Test Procedure
A test program was designed to obtain the load—displacement
behavior of shear studs embedded in early-age concrete. AgingThe same test procedure was followed for all pushout tests. The
times were chosen as 4 h, 8 h, 13 h, 22 h, 3 days, 7 days, 14 daysspecimens were first loaded until a substantial reduction in stiff-
and 28 days after initial casting. At all of these ages, concrete ness was observed in the load—displacement curve. Next, the
cylinders were also tested to obtain material properties. For eachspecimens were unloaded to zero load and reloaded until the
time period, three pushout tests, three cylinder compression testsload—displacement curve indicated a maximum load had been
and three split cylinder tests were performed. reached or the shear displacement was excesgapgroximately,

4hr Push-out Test Specimen #1

30
25
20 A
Z
S 15
L
=4
- 10 A
5 4
0 ; . r :
0 2 4 6 8 10
Slip (mm)
Fig. 5. View of all pushout test specimens Fig. 6. Typical pushout test result
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Fig. 8. Definition of design and maximum strength

Fig. 7. Load-slip relationship from pushout tests

obtained from a pushout test is given in Fig. 6. In addition, the
one half of the stud diameterFinally, the specimens were un- first loading cycle of a representative test for all test times is
loaded, and the loading beam was removed. presented in Fig. 7.

Concrete cylinders were tested under compres&i®8iTM C It is evident from the results that even at very early ages, studs
39/C 39M-99 to determine the load—displacement curve. The exhibit considerable stiffness and strength. In order to quantify
loading procedure defined in ASTM C 469-@4STM 1994 was the results, certain definitions are required. As explained before,
used. Specimens were tested using a 2,700800 kip) compres- the failure load obtained from a pushout test was considered as
sion test machine. A compressometer with a linear potentiometerthe ultimate capacity of the shear stud. However, ultimate
was placed around the concrete cylinders to monitor the displace-strength should not be used directly in design calculations be-
ment. Because the test machine was load controlled, only thecause it imposes very high interface slip demands which a com-
ascending branch of the load—displacement curve was obtainedposite structure may not be able to tolerate. In a study by Wang
In addition to compression tests, split cylinder tests were also (1998, the design resistance is taken as 80% of the ultimate re-
performed in accordance with ASTM C 496-98STM 1996 sistance, and the stiffness is conservatively estimated as the secant
procedures. stiffness at the design strength with an equivalent slip of 0.8 mm

The approximate elapsed times for testing of the three pushout(0.03 in). A similar yet different procedure is used in this study.
specimens, three compression specimens, and three split cylindelThe concept of design streng@®y, which is based on a maxi-
specimens were 30, 30, and 20 min, respectively. Therefore, eachmum allowable interface slip, is proposed. The design strength
testing cycle took approximately 80 min to complete. The speci- Q4 for studs with early-age or mature concrete is defined as the
mens were cast and air cured inside the laboratory where thevalue of the load attained at a displacement value of 0.8/Mf8
ambient temperature was between 30 and 3®8%>-95°F during in. (diameter/25] (Fig. 8. This limit ensures that during the life-
the 28 day period. time of the structure, the studs do not experience deformations in

excess of 0.8 mnidiameter/25. The sensitivity in the definition

of design strength was investigated by considering a range of slip
Test Results limits in the vicinity of 0.8 mm(0.03 in) of slip. Test results
showed that defining the design strength based on slip values of
0.6 mm(0.025 in) and 0.9 mm(0.035 in) gives on average 6.7%
lower and 5.7% higher design strength values, respectively. As
As mentioned earlier, three pushout tests were performed for eaclcan be seen from these values, design strength is not very sensi-
of the eight time periods. A typical load—displacement response tive to the slip level in the vicinity of 0.8 mn(0.03 in).

Pushout Tests

Table 2. Pushout Test Results

Stud design strengtlQ4 kN (kips) Stud maximum strengttQ . KN (kips)

Specimen number Specimen number
Time 1 2 3 Average 1 2 3 Average
4h 15.8(3.6) 19.5(4.49 16.3(3.7) 17.2(3.9 26.7(6.0 27.6(6.2 27.1(6.1) 27.1(6.0)
8h 36.1(8.1) 27.9(6.3 30.6(6.9 31.5(7.) 45.4(10.2 39.4(8.9 44.5(10.0 43.1(9.6
13 h 45.1(10.1) 34.2(7.7) 40.0(9.0 39.8(8.9 60.0(13.5 44.9(10.1) 65.4(14.7 56.8(12.7
22 h 53.1(11.9 57.9(13.0 51.1(11.9 54.0(12.) 77.8(17.5 78.3(17.6 77.8(17.5 78.0(17.9
3 day 61.5(13.8 64.3(14.5 57.6(13.0 61.1(13.9 77.8(17.5 86.3(19.9 85.0(19.1 83.0(18.7
7 day 66.1(14.9 66.9(15.0 66.1(14.9 66.3(14.9 81.8(18.9 89.8(20.2 88.1(19.9 86.6(19.9
14 day 68.1(15.3 70.9(16.0 N.A2 69.5(15.9 85.4(19.2 89.4(20.1 94.3(21.2 89.7(20.2
28 day 81.2(18.3 72.8(16.4 75.2(17.0 76.4(17.2 93.4(21.0 93.4(21.0 93.4(21.0 93.4(21.0

ot available
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Fig. 9. Load-slip relation for shear studs Strain (mm/mm)

Fig. 10. Compressive stress—strain response

Maximum strength Q.50 is defined as the maximum load
attained during the test independent of the value of @fig. 9. where A is specified in millimeters an®, Qq are given in a
Because the specimens were not loaded to failure, the maximumconsistent set of force units.
strength at 28 days is expected to be lower than the ultimate value
predicted by current design equations. The ultimate strength cal-
culated using the AISC equation with measured concrete proper-
ties is 133 kN(30 kips. Table 2 summarizes the design and Three compressive and three split cylinder tests were performed
maximum strength values obtained from the pushout tests. on concrete specimens for each time period. During the compres-

A mathematical representation of the load—slip behavior for sjve tests, the displacement was monitored to obtain the stress—
shear studs is required for proper modeling of their response instrain response. Table 3 summarizes the ultimate compressive
structural analysis. For this purpose, a simple load—slip curve wasstrength, secant stiffness at 40% of ultimate strength and split
developed. All load—displacement curves obtained from pushoutcylinder test results for the concrete specimens. In addition, the
tests were normalized with respect to design strength and 0.8 mmstress—strain curves for compression are presented in Fig. 10.
(0.03 in) of displacement. All data are plotted on the same figure Specimens reached almost 90% of the 28 day stiffness after a
(Fig. 9). A fifth-degree polynomial with aiR? value equal to 0.97 22 h cure. At very early ages, the stress—strain response mimics
was fit to all the data. Subsequently, a simplified equation was elasto-plastic behavior. Specimens tested after 1 day exhibit a
developed that represents the fifth-degree curve. The proposedtress—strain response that is similar to the 28 day response. Fig.
load—slip relationship is given by E¢B). This equation gives an 11 presents the time dependence of concrete properties together
initial tangent stiffness of 3.7Q, and a secant stiffness at the with the pushout test results. For concrete, the rate of stiffness
design load of 1.28. gain is much higher than the rate of strength gain. The stud maxi-

A mum and design strength increases faster than concrete strength
Q 3(0_.)

Tests for Determining Concrete Properties

8 and slower than concrete stiffness.
S Tt (3) Based on the concrete cylinder tests, the applicability of the
Qq 1+2(£) existing ACI relation Eq. (1)] in predicting the stiffness of early-

.8 age concrete was investigated. Fig. 12 shows a comparison of the

Table 3. Concrete Properties at Different Times

Specimen Time

number 4 h 8 h 13 h 22 h 3 day 7 day 14 day 28 day
Compressive 1 1.97(286) 4.93 (715 8.48(1230  13.591970 24.343530 25.793740 31.244530  30.144370
strength MPa 2 2.10(304) 5.74 (832 8.48(1230 12.621830 21.243080  30.484420 30.694450  30.144370
(psi) 3 2.51(364) 5.92 (859 8.62(1250  12.551820 21.103060 27.864040 30.21(4380  31.104510

Average 2.19(318 553 (802 8531237 12.921873 22.233223 28.04067) 30.714453  30.464417)
Compressive 1  8.41(1220 17.782578  20.002900 23.683433  30.404408 28.054067  29.774316 N.A.2

stiffness 2 N.AZ 10322802 22.863315 26.6843868 27.854038 31.394552  30.814468  28.614149
GPa(ksi) 3 8.83(1280 21.603132 22.103204 25.153647 27.063923 33.034789  29.944341)  29.224237)

Average 8.62(1250  19.572837) 21.653140 25173649 28.434123 30.824469 30.174379  28.9X4193
Tensile 1 0.26(39 0.73 (105  0.82 (119  1.92 (279  2.26 (328  2.58 (374  2.35 (340  2.59 (375
Strength MPa 2 0.18(25) 0.65 (93  1.10 (159  1.65(239  1.95 (282  2.18 (315  2.99 (433  3.11 (450
(psi) 3 02232 0.68 (99 098 (141) 173 (250  2.02 (293  2.20 (318  3.11 (450  3.05 (442

Average 0.22(32) 0.68 (99 097 (139 176 (255  2.08(301)  2.32(335  2.82(4089  2.92 (422

ot available
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Fig. 11. Time dependence of properties Fig. 13. Residual slip versus maximum strength for retested
specimens

test results from four different researchers and the ACI relation. ] ) )

Examination of the data reveals that each set of data is consistent Another observation on the load—slip behavior of retested
in itself. Data from the current study shows stiffer response, while Studs is worth mentioning. Although pretested studs may develop
data from Mo et al(1999 exhibit more flexible behavior in com-  their full capacity at 28 days, there might be a change in their
parison to ACI's relation. This result could be attributable to dif- initial stiffness. Fig. 14 qualitatively represents this phenomenon.
ferent mix designs used for concrete specimens. Also, differences-0ad—displacement curves for two specimens are presented. The
in the stifiness of the aggregates used by the different researcherdrst specimen was tested at 13 h while the second one was tested

could cause scatter among test res(Mghta 1986. In general, ~ at 14 days. Both specimens were retested at 28 days, and they
the ACI relation is satisfactory and applicable in predicting the both developed their full capacity. However, for the 13 h speci-
stiffness of concrete at early ages given its strength. men, the retesting curve has a very low initial stiffness compared

to the 14 day specimen. This observation shows that for speci-
) ) mens tested at very early ages, localized concrete damage around
Retesting Specimens at 28 Days the stud weld location causes a void that results in further stiff-

The effect of loading studs in early-age concrete on the long-term Ness reduction of the overall system.

performance was investigated. For this purpose, all specimens

were retested after 28 days using the same testing procedure oUtefract of Surface Bond

lined previously. During the original tests, specimens were loaded ) ) ) )

to different displacement limits. The residual slip level attained in The test setup was designed to obtain the load—slip relation for
earlier tests is an indication of damage to the early-age concreteShear studs by minimizing the effects of bond occurring at the
Fig. 13 shows the effect of the level of damage on the long-term concrete—flat plate interface. This minimization was achieved by
ultimate performance of shear studs. For each test specimen, th&/rapping plastic sheets around the steel flat plates. In order to
residual slip value from initial tests was plotted versus the maxi- investigate the necessity of these sheets for a standardized test,
mum load reached during retesting at 28 days. According to the the plate of one specimen was left unwrapped. This specimen
trend line fitted to the data, the maximum capacity of the stud Pelonged to the group of specimens that were tested at 14 days.
decreases as the level of damage increases. In addition, the plofig- 15 presents the load—slip relationship for this set of speci-

reveals that studs loaded to the recommended design disp|acemen5. It is clear from the curves that bond between the steel and
ment value of 0.8 mni0.03 in) at early concrete ages are capable the concrete influences the initial stiffness of the studs. The secant

of developing their full strength after 28 days. stiffness at 0.1 mn{0.004 in) slip was 441 kN/mm(2,500 kip/

in.) and 213 kN/mm(1,200 kip/in) for the unwrapped and
wrapped specimens, respectively. For a standardized test, bond
should be minimized to obtain conservative initial stiffness val-
ues. The use of plastic sheets is one way to eliminate the bond.

TO Topkaya O Lew A Oluwkun © Mo—ACIJ

35

S
09 e ¥ o 3" Recommendations for Stud Maximum and Design
25 | $ 0,0 o 2 Strength
= * ] ;mD 02,
7] 20 o A’D 4 D , b ¢ Based on the experimental data gathered, equations for estimating
= 15 A “DDD : the design and maximum strength of shear studs were developed.
104 o o These expressions are applicable to both mature and early-age
5 | ,‘,{‘r concretes. The resulting expressions were developed in such a
way that they have a form similar to the ones used in the current
5 6 - 30 design specifications. Load on the stud was normalized by the
cross-sectional area of the shear connector. Regression analyses
f', (MPa)

were performed to determine the dependence of concrete param-
eters on the design and maximum connector strength. The coeffi-

Fig. 12. Concrete stifiness test results cients obtained from regression analyses were rounded off to sim-
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Fig. 14. Load-slip behavior of retested specimens

plify the equations for estimating the design and maximum ferent from that reported herein. Furthermore, if a database on the
strength of shear connectors based on early-age concrete propemechanical properties of a certain concrete mix as a function of
ties [Egs. (4) and (5)]. Fig. 16 compares the experimental data time and environmental conditions is available, then it could also

with the values obtained using Edg) and(5)

Qmax=5.4(féEc)°-3 (SI)

ASC (4)
Qmax_ , 03 . .
—— =2.5f.E)"*° (English Unitg
ASC

%=3-8(féEc)o'3 (Sh

ASC (5)
Qu S , .
—=1.75f.E.)*¥English Unity
ASC

The units to be used in the above equations are kB for f.
andE., mn(in.?) for Ay, and N(kips) for QacandQq . For the
group of specimens that were analyzed, E4). provides test/

estimate ratios with a mean of 0.97 and a coefficient of variation
of 0.08. The corresponding mean and coefficient of variation val-

ues for Eq.(5) are 1.01 and 0.11, respectively.

be used in predicting the required quantities. In a study by Top-
kaya (2002, the stud and concrete stiffness recommendations de-
veloped in this paper were used in the structural analysis of an
existing bridge that was monitored during construction. The ana-
lytical predictions showed good correlation with the field obser-

vations.

Future Research Needs

Several factors need further investigation to provide a better un-
derstanding of the behavior of shear studs surrounded by early-
age concrete. These factors can be summarized as follows:

1. Only one type of concrete mix design was used in the push-
out tests reported in this study. The variation of stud design
strength and stiffness with time is influenced by the type of
concrete and curing conditions. This study aimed to quantify
the strength and stiffness values as a function of the me-
chanical properties of concrete. Time and curing conditions

The information presented can be used to investigate the be-
havior of bridges during construction. The concrete properties
required in the developed equations can be obtained by testing
concrete cylinders for the particular mix that is used if it is dif-

14 Day Specimens
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o O
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Fig. 15. Effect of steel surface treatment on stud behavior

were excluded in all the developed equations. Future re-
search should concentrate on the development of strength
and stiffness equations for shear studs embedded in con-
cretes with different mix designs and subjected to different

400
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100 -
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QIIIIX/AIC ’ QdIAu (MP‘)

03 E%3 (MPa)*

Fig. 16. Stud strength results and recommendations
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