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Abstract

This study investigates the further development of the commercially available re-entrant steel deck
profile. The effects of various embossments and continuous construction are investigated through
three Series of composite slab load tests. The test specimens in this study were constructed to
simulate actual field construction of composite slabs as part of reinforced concrete structures. The
results of this experimental study are analyzed using methods given in the ASCE Standard for the
Structural Design of Composite Slabs. Recommended design procedures for the improved re-entrant

profile are given and various future profile modifications are suggested.
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Chapter 1 - Introduction
1.1 General

Composite floor slabs are comprised of two main components: concrete and profiled steel
deck. They utilize the strengths of both materials to create a structural system with numerous
advantages in the construction and service load stages.

During the construction stage, steel deck used in composite floor slabs is the formwork for
the placement of concrete and a safe working platform for staging of equipment and materials. The
steel deck allows work to progress to new floors before the concrete has been cast or reached full
strength. During service loading, the steel deck acts as positive reinforcing in the composite section
in most cases eliminating the need for traditional positive bending reinforcing bars.

As with any structural system, the desire for improved efficiencies in terms of materials and
labor drives the development of new products. This study is part of the ongoing development of a
commercially available re-entrant profile used for the construction of composite slabs in concrete
structures. This study will cover several aspects of the development of a steel profile from conception

to load testing.

1.2 Objective and Scope of Research

The objectives of this study are to further develop and load test composite slabs utilizing the
Versa-Dek profile, shown in Fig. 1.1, manufactured by the Deck Division of Consolidated Systems,
Inc. in Columbia, South Carolina while determining the applicability of the recommended ASCE

design procedures to the design of composite slabs constructed with Versa-Dek.

NN N

Figure 1.1 - Versa-Dek Profile

1.2.1 Profile Development

The development portion of this project will improve the Versa-Dek profile to achieve test
loads approaching the theoretical first yield moment strength. A summary of the rationale and
theories used to develop prototype profiles is included as part of this study.

The development of the Versa-Dek profile includes quantifying the strength gains achieved
by constructing a continuous composite slab. Previous tests conducted at West Virginia University
and Virginia Tech determined the positive moment strength of simply supported composite slabs

utilizing the Versa-Dek profile. From the tests, a Series of load tables were developed.



For most composite slabs, the first yield moment is believed to be a reliable criterion if no
shear studs are present. The results of the previous studies on composite slabs show that simple spans
constructed with the Versa-Dek profile do not approach the theoretical first yield moments found in
accordance with the ASCE Standard for the Structural Design of Composite Slabs. Therefore, it is
desirable to quantify the gains with respect to the theoretical first yield moment from continuous
construction.

A targeted design live load of 100psf was set by the sponsor of this study. To determine the
maximum allowable span with first yield used as the criterion for a 100 psf live load, the following
procedure, in accordance with Appendix D of the ASCE Standard for the Structural Design of
Composite Slabs, was used. The first yield moment strength of the section, M, for the desired deck
thickness and yield strength was found following the Appendix D procedures assuming a slab
thickness of 6 in. and concrete strength of 3000 psi. The nominal moment strength was assumed to
be equal to the first yield moment, M, = M,,. The design strength was determined by applying the

appropriate strength reduction factor for the flexure failure of an underreinforced section, ¢ = 0.85, as

dictated in the Standard.

The factored ultimate design moment was found as follows. First, the reaction forces in the
shoring due to the casting of the slab were calculated for a given slab length. The reaction forces
were then used to determine the moments induced on the slab as the shoring was removed. The
moments due to the applied live load and a superimposed 10 psf dead load were determined. The
loads were factored using the load combination 1.2My + 1.6Mj; to determine the ultimate moment,
M,. The shoring moment and superimposed dead load were designated dead loads while the
superimposed live load was the only live load.

The ultimate moment, M,, was then compared with the design strength of the section to

determine the slabs adequacy for the length being evaluated, @M, > M,. Iteration of the above

process for each of the desired deck characteristics and applied live loads was performed until the
maximum span for each case was determined.

Based on the above procedure and assumptions, the maximum spans presented in Tables 1.1
and 1.2 were found for two shoring conditions, third point shored and quarter point shored. It should
be noted that the only criterion checked for the casting stage was the maximum unsupported clear
spans given in the CSI design catalog.

As stated above, the ultimate goal for any composite design is to achieve full composite
action. Therefore, it was desirable to determine the maximum span for fully composite slabs utilizing

the Versa-Dek profile subjected to the targeted design value of 100psf live load.



As with the first yield moment capacities, the nominal moment capacities of composite slabs
were determined for various deck properties. The nominal moment capacities found for the various

conditions were then used to determine the maximum span length for the desired load combination.

Table 1.1 - Maximum Clear Spans based on First Yield (Third Point Shored)

Third Point Shoring

Live Load = 100 psf
20 Gage 16 Gage
40 ksi 50 ksi 40 ksi 50 ksi
21'-10" | 23-9"* 27'-5" 30'-9"

Live Load = 40 psf
20 Gage 16 Gage

40 ksi 50 ksi 40 ksi 50 ksi

23-9"* | 23-9"* [ 31-6"* | 31-6"*

* = maximum unshored clear span controls

Table 1.2 - Maximum Clear Spans based on First Yield (Quarter Point Shored)

Quarter Point Shoring

Live Load = 100 psf

20 Gage 16 Gage
40 ksi 50 ksi 40 ksi 50 ksi
22l_5ll 25!_1 n 28|_2ll 31 l_6ll

Live Load = 40 psf
20 Gage 16 Gage

40 ksi 50 ksi 40 ksi 50 ksi

28'-5" 31'-9"* 35'-7" 39'-10"

The variable deck properties considered were thickness and yield strength. A concrete
thickness of 6 in. and compressive strength of 3000psi were kept constant for all slabs. The assumed
end conditions were continuous over the interior support and pinned connections at each of the
exterior supports.

The nominal moment strength was found for the above conditions based on the following
assumptions. First, it was assumed that during placement of the concrete that the slabs would be
shored at the third points. It was assumed that during shoring removal and service loading the slab
could be modeled as a continuous span with no rotation over the interior support. It was also assumed

that a superimposed dead load of 10psf would be present at the service load stage.



The load combination used to determine the ultimate applied load was 1.2Mg + 1.6My. The
moment due to the dead loads, My, was assumed to be the sum of the moment resulting from the
removal of the shoring plus the 10psf superimposed dead load. The moments due to casting were
conservatively ignored.

The nominal moment strength was determined using reinforced concrete theory. As stated
above, the section was assumed to behave as a fullly composite section. In other words, the affects of
end slip were ignored.

Based on the above assumptions the maximum spans shown in Table 1.3 were determined. It
should be noted that values in Table 1.3 assume that the slab is fully shored during the placement of

the concrete.

Table 1.3 - Maximum Clear Spans - 2 Span Continuous Versa-Dek Slabs

Live Load = 100 psf
22 Gage 20 Gage 16 Gage
40 ksi 50 ksi 40 ksi 50 ksi 40 ksi 50 ksi
22'-4" 24'-9" 24'-5" 26'-11" 30'-2" 32'-11"

Live Load = 40 psf
22 Gage 20 Gage 16 Gage

40 ksi 50 ksi 40 ksi 50 ksi 40 ksi 50 ksi

28'-10" 31'-2" 30'-8" 33'-10" 37'-11" 41'-4"

1.2.2 Load Testing

The load testing aspect of this study shows the benefits of designing and constructing
continuous slabs utilizing the Versa-Dek profile. The load testing aspect shows the strength gains
from the profile improvements implemented in the development portion of this study.

Each variation of the Versa-Dek profile load tested constitutes a Series in this study. Series I
is a pair of continuous 40 ft slabs constructed with the existing 20 gage Versa-Dek. The construction
of the test specimens was designed to simulate conditions that would typically be present in
reinforced concrete structures. The slab over the interior support was reinforced with standard bars
designed to withstand a 100 psf live load.

Series II of the load testing portion of this study consists of simple span specimens of various
lengths and deck thicknesses tested to determine the positive moment strength of slabs constructed
with a prototype Versa-Dek profile. The results of the Series Il tests showed improvement of the
positive moment strength but did not warrant continuous slab tests.

Series III of this study consists of the evaluation of a second prototype profile. Simple span

tests were conducted to determine the positive moment strength of the improved profile and



continuous span tests were conducted to determine the strength gains resulting from continuous

construction.

1.2.3 Recommendations

The results of this study include design procedures for composite slabs utilizing the Versa-
Dek profile and recommendations for further development and research of the profile. This study
examines the benefits of continuous construction on the performance of composite slabs utilizing the
existing and prototype Versa-Dek profiles. This study also determines factors contributing to the

positive moment strength of Versa-Dek profile by examining two different prototypes.

1.3 Overview

A brief history of composite slab research and design is presented in Chapter 2. A
description of the various test set ups and procedures are presented in Chapter 3. Chapter 4 presents
the results of the Series II and Series 111 simple span tests and includes evaluation and discussions of
the test results. The Series I and Series III continuous span test results are given in Chapter 5 along
with an evaluation and discussion of the performance of each specimen. A summary of the results
along with conclusions and recommendations are given in Chapter 6. The results of the Series I and
the Series Il specimens are given in Appendices A and B respectively. The results of Series III
simple span specimens are given in Appendix C and the results of Series III continuous span

specimens are given in Appendix D. Sample calculations are given in Appendix E.



Chapter 2 - Literature Review

Composite slabs are typically comprised of three components: steel deck, reinforcement and
concrete. The steel deck is designed to perform at three distinct stages of construction: a working
platform before the placement of concrete, formwork for the placement of concrete, and
reinforcement of the composite slab as the concrete hardens and gains strength. Before the advent of
composite slabs, the steel deck was designed to carry all of the dead and live loads. By 1938, cellular
floors manufactured by H. H. Robertson Company in Pittsburgh, PA, were used in two and three-
story industrial buildings as a non-composite system (Schuster 1976).

During the 1950°s steel decking was being utilized not only as the structural component, but
also as an economical replacement for removable wood formwork for the casting of reinforced
concrete slabs. Granco Steel Products Company of St. Louis became the first to use the steel deck as
more than a stand alone structural member or formwork when it welded wire to the top of its
corrugated sheet to create an interlock, or shear transfer, between the concrete and steel deck as

shown in Fig. 2.1.

Figure 2.1 — Schematic of First Composite Slab

Welding wire to deck was time consuming and expensive but the idea of creating a composite
slab that utilized the beneficial properties of both steel and concrete enticed manufactures to find
more effective forms of shear transfer and led to the increased production of profiled sheets.
Examples of the two basic types of profiled sheets developed, trapezoidal and re-entrant, are shown in
Fig. 2.2.

The two basic profile types each have given advantages and disadvantages. The trapezoidal
profiles, for instance, typically have a longer allowable un-shored length and cover more floor area
per unit area of steel than re-entrant profiles. However, the geometry of trapezoidal profiles typically
does not adequately prevent vertical separation of the steel deck and concrete which results in an

inefficient use of the steel as tension reinforcement. On the other hand, the geometry of re-entrant



profiles provides good resistance to vertical separation by “locking” the concrete in place. In most
instances, indentations or embossments are necessary to create a strong interaction between the
concrete and steel sheet. Inland-Ryerson Company of Chicago was the first company to use
embossed surfaces to increase the interaction between the steel deck and concrete (Viest 1996).

Different embossment types are shown in on the trapezoidal profile shown in Fig. 2.2.

Trapezoidal Deck Re-entrant Deck

Figure 2.2 — Typical Trapezoidal and Re-entrant Deck Profiles

The need to proof load each new profile necessitated the development of industry wide
standards for the design and testing of composite slabs. To this end, in 1967 the American Iron and
Steel Institute (AISI) initiated a research program at lowa State University (ISU) (Heagler et. al.
1992). The test program consisted of comprehensive testing of small-scale and full-scale specimens.

The early tests at lowa State were primarily push out tests. But, some deck types were not
conducive to this type of test, leading to the belief that full scale tests were the only reliable means of
predicting the strength of composite slabs for all profiles (Sabnis 1979). Therefore, full-scale tests
became the standard means for determining composite slab strength. The standard full-scale test set-
up consisted of a slab, one panel in width, supported at one end by roller and at the other by pin,
loaded by two concentrated line loads, as shown in Fig. 2.3.

In conventional reinforced concrete slabs, three failure modes exist: vertical shear, flexural
failure of an under-reinforced section and flexural failure of an over-reinforced section. However, of
the full-scale slabs tested at ISU nearly all failed before the strengths determined from conventional
reinforced concrete design were reached. Instead, these slabs failed due to a loss of bond between the
concrete and steel deck caused by an inadequate interlock between the concrete and deck. The failure
mode observed, known as longitudinal shear-bond failure, was characterized by the formation of a
diagonal tension crack near the applied line load followed by a slip of the concrete relative to the steel

deck. The length of slab from the bottom of the diagonal crack to the end of the slab was defined as



the “shear span”. The ‘“shear span” is the only section of slab expected to effectively resist

longitudinal shear. The “shear span” is shown in Fig. 2.3 as L’.

ol

STEEL PLATE ON
NEOPRENE PAD

Figure 2.3 — ASCE Standard Test Setup (From Standard (1992))

For slabs loaded with concentrated line loads, the shear span is taken as the distance from the
slab end to the applied load. For a uniformly loaded slab, the assumed shear span of L/4 is derived by
equating the areas under the shear diagrams of uniformly loaded and standard line loaded specimen.
Some researchers have noted that the critical cracks in uniformly loaded composite slabs are
approximately near the third points of the slab’s length. (Klaiber and Porter 1981).

Because longitudinal shear-bond failure was the common failure mechanism, the emphasis of
research turned towards the development of a shear-bond expression that would accurately predict the
strength of composite slabs. Based on his research as a graduate student at ISU, Schuster (1972)
developed the following shear-bond expression:

d
~ 4k Eq. 2.1
bd I 12 (Eq. 2.1)

m = slope of shear-bond regression line

k = intercept of shear-bond regression line

b = is the width of the composite beam cross section

d = effective depth from the top of concrete to the center of gravity of the steel deck and

0 = percentage of steel



Due to the fact that no end-slip occurred before ultimate load in any of full-scale slabs tested,
Schuster believed the shear-bond failure was a result of exceeding the ultimate tensile strength of the
concrete. The three parameters considered most important to shear-bond strength of composite slabs
were: the compressive strength of the concrete, the percentage of steel, and the ratio of external shear

to the maximum moment in the shear span (Schuster 1972).

uc c
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to determine the slope, m, and intercept, &, values for use in the shear-bond equation. The shear-bond

1s used

Regression analysis of full-scale test results plotted on a graph of

equation developed was specific to line load tests and showed a +15 % correlation with the test data
available. Once the m and k variables are found for a particular profile, the shear-bond equation can
be used to predict the strength of slabs of various shear span lengths and slab depths (Schuster 1972).

Research on composite slabs at ISU was also conducted by Porter and Ekberg as part of the
AISI project to create tentative recommendations for the design of composite slabs utilizing steel
decking as reinforcement (Schuster and Ling 1980). The ultimate transverse shear expression
developed by Porter and Ekberg was an adaptation of the expression of the ultimate shear strength of
reinforced concrete members without web reinforcement used in ACI 318-77 (Schuster and Ling
1980).

Z—:{ - m% kS (Eq. 2.2)

The unknown coefficients, m and k, as with Schuster’s expression, must be determined from
a regression analysis of load tests results. At least one test, consisting of two specimens, of a deep
short span and a long thin span must be performed to create a good regression line. It should be noted
that the expressions presented by Schuster and Porter and Ekberg are similar with the only difference
being the placement of the parameters for the concrete compressive strength and reinforcement ratio.
This shows that these parameters are not significant to the strength of composite slabs (Schuster and
Ling 1980).

Porter and Ekberg completed exhaustive testing of composite slabs to examine the effects of
various parameters (Porter 1988). The testing included one-way slab elements, push-out specimens,
elements with deck transverse to span length, continuous slab elements over more than one span,
fatigue, elements constructed with variable supplementary reinforcement, two-way slabs subjected to
concentrated loads, various shoring conditions, uniform versus concentrated loading, two-way slabs
subjected to diaphragm loads, two-way slabs subjected to combined gravity and diaphragm loads,
push-off specimens, in-plane shear elements, and slabs with stud restraint (Porter 1988). Some of the

more important observations and suggestions based on these experiments are discussed below.



Porter and Ekberg (1971) suggest breaking down continuous slabs into a Series of equivalent
simply supported sections of length L’’ based on the inflection points of the moment diagram. The
L>* value is used in the shear-bond equations in place of L and good agreement was achieved for
slabs utilizing 22 gage decks, but not for slabs utilizing 16 gage decks. Specimens with and without
negative reinforcing were investigated.

Porter and Ekberg (1977) also studied two-way action in composite slabs with tests
conducted to determine the distribution of forces from a point load. The load distribution was about
78% in the strong direction during initial load applications but was 97% near ultimate load, signifying
one-way action. The tested also showed the presence of supplementary reinforcing, welded wire
fabric, added to the overall strength of the slab.

Porter and Griemann (1984) showed that the m-k method can be used to accurately predict
the strength of slabs utilizing welded shear studs. Research showed that studs increase the ultimate
strength and typically change the failure mode from shear-bond to bearing of the deck on the stud.

The current ASCE Standard for the Structural Design of Composite Slabs (1992) is
comprised mostly of recommendations from the research completed by Porter and Ekberg. A
summary of the current ASCE design procedures resulting from the work of Porter and Ekberg
follows:

The design method for determining shear-bond strength adopted by ASCE is based on the m-
k method described earlier. The design reduces the regression line by 15% to account for scatter of
test results. A typical shear-bond plot is shown in Fig. 2.4.

Design shear equation:

V, <oV, (Eq. 2.3)
For simply supported spans with concentrated loading:
d , "
oV, = g{bd(—m; +kyf. j+ AR 2 L } (Eq. 2.4)
For a uniformly applied load:
4mpd ; W ¢
oV, = g{bd(ng—p +hy f j + VTf} (Eq. 2.5)
where:
b = unit width of slab = 12in.
d = effective slab depth (distance from extreme concrete compression fiber to

centroidal axis of the full cross section of the steel deck)

f.” = specified compressive strength of concrete, psi
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k = ordinate intercept of the reduced experimental shear-bond line

ly = length of span or shored span, in
{7 = shear span, in.; for uniform load, /;’= one quarter of the span, in.
l; = length of span, in
m = slope of the reduced experimental shear-bond line
W, = weight of slab (Wyq + W), psf
v = coefficient for proportion of dead load added upon removal of shore
0 =reinforcement ratio of steel deck area to effective concrete area
@ = strength reduction factor
V. Region B

Y:

N

X =

A
rlt

Figure 2.4 - Typical shear-bond plot (From Standard (1992))

For a flexural failure to occur, the slab must have complete interaction as with a typical steel
reinforced concrete beam or slab. Therefore, the flexural design expressions from the ASCE
Standard follow closely the expressions for the design of reinforced concrete flexural members
presented in the ACI code (Standard (1992) and Building (1999)). Flexural failures of composite
slabs, as with reinforced concrete design, are divided into two cases, under and over reinforced. The

balanced steel ratio for determining which case is applicable is found from the expression:
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0.85B fC' e E\h—-d
Py = : (h=dy) (Eq. 2.6)
£ leE 41
where:
51 = 0.85 for concrete with f.” < 4,000 psi and reduced at a rate of 0.05 for each 1,000 psi

of strength exceeding 4,000 psi (not less than 0.65)
fy, = specified yield point or yield strength of steel, ksi
h = nominal out-to-out depth of slab, in.

dq¢ = overall depth of steel deck profile, in.

d = effective slab depth, in.
If the steel ratio indicates an under-reinforced section, the strength is found as follows:
M, <oM, =A1"—§y(d—%j (Eq. 2.7)

where

M, = required moment strength, k-ft

A.f,
a = ———07—in
0.857.b
M, = nominal moment strength, k-ft

If the composite slab section is over reinforced, the nominal moment strength is found from
general strain analysis.

In addition to the strength relationships shown above, the deflection criterion set forward by
Porter and Ekberg (1976) was adopted into the ASCE standards and will be summarized and
examined in a later chapter concerning stiffness models.

The m-k method has not only been adopted by the ASCE, but also by Eurocode, the most
prevalent design code in Europe (Bode and Sauerborn (1992)). The Eurocode version of the method
is very similar to the ASCE method and will not be outlined here.

Additional work on composite slabs relating to the m-k method was completed by Seleim and
Schuster (1985) at the University of Waterloo in Waterloo, Canada. Unlike Schuster’s prior testing at
ISU, the composite slabs tested at Waterloo showed load carrying capacities beyond initial end-slip.
The presence of end-slip prior to ultimate load indicated that the slab strength was not dependent on
the tensile strength of the concrete as was previously assumed. A new model based on these findings
was suggested by Schuster and Ling (1980).

Before cracking, the concrete and deck act as a fully composite section. When the first

significant cracking occurs, the mechanical interlocking devices in the immediate region of cracking
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begin to carry horizontal shear. End-slip in the shear span takes place and horizontal shear is
counteracted by the frictional and mechanical resistance of the slab. Frictional resistance in the
region near the crack, and mechanical resistance over the remainder of the shear span provide the
resistance to the horizontal force. At ultimate load, the frictional and mechanical resistance in the
shear span is overcome and the slab fails.

By balancing the external, applied moments, with the internal reacting moment at the location
of the diagonal crack, and assuming that the shear is resisted by frictional resistance near the crack
and mechanical resistance throughout the remainder of the shear span, the following expression for

the ultimate shear-bond strength was formulated by Schuster and Ling (1980).

ﬂzmi+k (Eq. 2.8)
bd L
Some general observations made by Schuster and Ling (1980) are:
e The shear-bond expression developed can be used for specimens with end-slip prior to
ultimate load or end-slip at ultimate load;
e Compressive strength of concrete appears to have no effect on the shear-bond strength of
the slab;
e The percentage of steel appears to have no affect on the shear-bond strength of the slab;
e Slabs constructed with normal weight concrete appear to have a higher shear-bond strength
than slabs constructed with light weight concrete;

Seleim and Schuster (1982) presented another shear-bond expression that does not require

testing of each deck thickness for a given profile.

v
=k, Lk, %+k3t Tk, (Eq. 2.9)

Equation 2.9 was developed assuming that the shear resistance is a result of the combined

bending and shear resistances. From equilibrium of the external and internal bending moments, an
expression is developed containing variables k; and k,. From equilibrium of shears, an expression is
developed containing the variables k; and k4. The two expressions are modified and combined to
give equation 2.9. Multi-linear regression analysis is required to determine the k;, k,, ks and k4 values
(Seleim and Schuster 1982).

In the new method, the force in the deck is assumed to be proportional to the thickness of the
deck. The m-k methods require testing to determine values for each profile and each deck thickness.
Tests of two deck thicknesses should be sufficient to give the desired level of consistency when

utilizing Seleim’s equation (Seleim and Schuster 1985). According to Seleim shear span is
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apparently the only variable affecting the shear-bond strength of composite slabs with the same
profile, embossment pattern and deck thickness (Seleim and Schuster 1982).

The later work of Seleim and Schuster shows that although the m-k method, as adopted by
both the ASCE and Eurocode 4, appears to give accurate results it is misleading because it falsely
indicates that the strength of concrete is a controlling parameter for the shear-bond strength of
composite slabs.

The m-k method accurately predicts the strength of slabs of varying lengths and thicknesses
for a given profile but at least four full scale tests must be conducted before the model can be used.
This can become costly as manufacturers develop new profiles. To cut the cost of product
development, an accurate strength prediction of composite slabs utilizing proposed profiles is
necessary. To this end, in the early 1970’s the Steel Deck Institute (SDI) initiated research at West
Virginia University (WVU) to develop a strength prediction design procedure.

The research, conducted under the direction of Larry Luttrell, produced a model based on the
analysis of numerous slab specimens (Luttrell and Davidson (1973), Luttrell and Prasannan (1984),
Luttrell (1986), and Luttrell (1987)). The test specimens included various slab widths, span lengths,
embossment patterns and end conditions as the test set-up can greatly influence slab performance and
should attempt to match, as close as possible, typical field conditions. For instance, test
configurations consisting of only one panel width do not mirror typical field conditions and have
reduced strength due to curling of the outside webs as shown in Fig. 2.5. To reduce the effects of web
curling the test slab should consist of more than one panel, a more realistic system (Stark 1978,
Luttrell 1987). The increase in strength due to multi-panel widths was also noted by Roeder who
found that when specimens with a two panel width were tested with point loads, they failed at nearly
twice the shear strength of specimens with a single panel width (Roeder 1981).

Also, slabs should not be cast in one place and moved to a test location as this can damage
the interfacial bond between the deck and concrete. To match field conditions, the slabs should be
cast and tested in the same location (Luttrell 1987). Composite slabs benefit from other typical field
conditions such as adjacent spans, welded shear studs and stay in place pour stops; test procedures

should reflect these conditions.

Deck Curling

Figure 2.5 - Web Curling
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The procedure developed by Luttrell assumes that yielding of the bottom flange of the deck
constitutes failure of the slab because the tension reinforcement in composite slabs, unlike reinforced
concrete slabs, is not totally confined and thus becomes ineffective as separation occurs. Based on
this assumption, the ideal positive moment strength of the slab is found by dividing the deck into

three sections, top flange, web and bottom flange and summing moments as shown in Fig. 2.6.

M, =Ty +T,y,+T,y, +Cy, (Eq. 2.10)

8>/3

Cross Section Compression
& Tension
Forces

Figure 2.6 - Slab Section and Force Distribution (Luttrell and Prasannan 1984)
The ideal positive moment strength from Eq. 2.10 is then reduced to account for the moments
resulting from shoring removal and the weight of the beams used to load the slab specimen.
M,=M,-M,-M, (Eq. 2.11)
M; is the moment due to shoring
M, is the moment due to weight of the beams used to distribute the test load
The remaining bending resistance is then reduced to reflect the shear-bond strength of the
slab.
M,=KM, -JZ (Eq. 2.12)
K=K,/(K,+K,) (Eq. 2.13)
Z =L/2 — 8§, the unused shear span (in.)
J = factor based on profile and embossment geometry
The K factor reflects the influence of system particulars such as degree of anchorage,
embossment configuration, shear span, and other system geometry. K; measures the amount of shear
planes available for shear transfer taking into account web curling of the outside flute. K; and K

depend on lug quality and other deck parameters.

The development of the above procedure was accompanied by a number of noteworthy

observations.
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e There are three phases of slip resistance: 1) adhesive bond, 2) mechanical bond from
embossments and, 3) shear studs. The three factors cannot be directly added.
e Deck thickness and web height play a large role in the performance of the slab.
Thicker decks increase the overriding resistance while larger web heights decrease
the overriding resistance.
¢ Embossments running vertically help to prevent overriding in two regards; by adding
stiffness to the web and by presenting a large projected bearing area to the concrete.
Horizontal embossments do little to stiffen the web against override.
e Several two span tests conducted at WVU show an increase in strength of 10 to 15%
over a simply supported condition.
e The compressive strength of the concrete plays an insignificant role in the ultimate
strength of the composite slab.
The current ASCE Specifications allows the use of the first yield method as developed by
Luttrell as an alternate method for determining the flexural strength of composite slabs. The method,
found in Appendix D of the Standard, is summarized below:

Maximum bending moment at first yield, based on Fig. 2.7:

M, =(Te, + Tye, + Tye;)/12 , k-ft (Eq. 2.14)
! fc
ﬁ Y ? ‘Cj)—‘—‘—‘*
te N.A. o
P B TP s
3
oly Bt >\ - *CEE ' TQLL
_ \{Dw J = Ts
B
. Yolo Strain Compression
Ce Distribution & Tension
! Forces

Cross Section

Figure 2.7 - Current ASCE Slab Section and Force Distribution (Standards for 1993)

Calculated bending moment:
M, =KM,(12/C,) k-t (Eq. 2.15)
where K = K, /(K, +K,) (Eq. 2.16)

and C; = cell spacing, in.
K;, a reflection of the increased effectiveness of multi-paneled specimens, is found from the

expression:

K, =0.87+0.0688(N)—0.00222(N )’ <1.4 (Eq. 2.17)

N=12b,/C, (Eq. 2.18)
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b, = width of the composite slab, ft

K; measures the influence of the steel section depth on bond development along the shear span:
K, =[d,/7.8]" (Eq. 2.19)
K, measures the performance of the embossments and is determined from a Series of equations

dependant on the type of embossment pattern used. Typical embossments patterns and their category

type according to the Standards are shown in Fig. 2.8.

Type I Embossments Type Il Embossments  Type III Embossments

Figure 2.8 - Embossment Types

The Standard outlines a number of limitations for the use of Appendix D and the type and
required number of confirmation tests. It also outlines how to derive the nominal moment strength
and shear strength based on the results of the confirmation tests.

The SDI also initiated the testing of slabs that reflected typical field conditions at Virginia
Tech in 1989. Studies by Young (1990) on multi-span composite slabs with typical construction
details, showed that the strength of slabs without suitable end-restraints could be accurately predicted
using strain analysis based on the cracked composite section as outlined by Luttrell and adopted into
the ASCE Standards as Appendix D. The study also showed that if proper end restraint in the form of
welded shear studs is provided, the strength of the slab can be predicted using traditional reinforced
concrete design. Young also concluded that the average of the un-cracked and cracked moments of
inertia could be used to predict deflections. These findings were later confirmed by a similar study
conducted at Virginia Tech by Terry and Easterling (Terry 1994).

The recommendations by Luttrell and Young were adopted into the SDI method for
composite slab design. A summary of the principles behind the SDI method follows.

If shear studs are not utilized, yielding of the bottom flange is the limit state and the additive

method, or general strain analysis, is used to determine the allowable stresses. A limit of the lesser of
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0.6 Fy or 36 ksi is set as the maximum stress allowed. An increase in allowable stress of 10% is
granted if a sufficient amount of welded wire fabric is utilized. If shear studs are used and the
requirements for fully composite action are met, the slab can be modeled as a reinforced concrete
beam. If not enough shear studs are used to develop the full composite strength, a reduction of the
nominal moment strength is required.

The SDI also gives a procedure to analyze the effects of concentrated loads that utilizes the
principles of effective width to determine bending resistance. Vertical shear is analyzed using
equations similar to those found in Eurocode 4 in which all vertical shear is assumed to be resisted by
the concrete only. The SDI method uses the average of the cracked and un-cracked moments of
inertia to predict deflections (Heagler et. al. 1992).

The testing of multi-span slabs at Virginia Tech reflected typical field conditions over the
interior support: no additional negative moment reinforcement beyond the required temperature and
shrinkage steel. The benefits of continuity to composite slab performance have been noted by other
researchers as well:

e increased overall strength because adjacent spans prevent longitudinal concrete movement

(Patrick and Bridge 1988a);

e decreased deflections (Roeder 1981);

o more ductile failures (Roeder 1981).

The ASCE (Standard 1993) dictates that if no additional reinforcement, beyond required
temperature and shrinkage steel, is used the slab should be designed as a Series of simply supported
spans. If additional negative moment reinforcement is provided, composite slabs can be designed
based on the principles used in the design of reinforced concrete slabs (ASCE Standard).

Typically, even when additional negative reinforcement is added, the contribution of the deck to
the compressive strength of the negative moment region is ignored (Lee et. al. 2001). Eurocode 4
allows linear elastic analysis with moment redistribution, where the bending moments at internal
supports may be reduced by maximum 30%, or plastic hinge analysis, provided the span is less than
3.0 meters and the reinforcement over the supports is highly ductile (Stark 1992).

Studies have found that the negative moment strength of continuous slabs can be accurately
predicted using strain analysis and that even temperature and shrinkage steel, without additional
reinforcement, develops some negative moment strength (Lee et. al. 2001). As would be expected,
researchers have found that the amount of additional reinforcement in the negative moment region
greatly affects the strength and curvature of the slab (Stark and Brekelmans 1990 and Lee et. al.
2001). If the reinforcement is ductile enough, plastic theory can be used with some limitations (Stark

and Brekelmans 1990, Bode and Dauwel 1999). As reported by Bode and Dauwel (1999) span limits
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for the use of plastic hinge analysis are 6 m for re-entrant profiles and 3-4 m for trapezoidal profiles.
The discrepancy in span lengths used for plastic hinge theory stems from tests that revealed that deck
with re-entrant profiles continuous over interior supports contribute to the negative moment strength
(Stark and Brekelmans 1990, Bode and Dauwel 1999, Lee et. al. 2001). The degree of interaction
between the concrete and deck has been found to be inconsequential to the additional strength
provided by the re-entrant deck. Trapezoidal profiles, on the other hand, do not contribute to the
negative moment strength (Bode and Dauwel 1999).

The fact that the m-k is not based on a mechanical model and does not provide much insight into
the workings of the interaction between the concrete and deck caused researchers to develop new
methods for predicting shear-bond strength. Wolfel (1988) gives an approximate method, based on
elastic theory, to determine the stresses in the cross-section of composite slabs for complete and
partial interaction. Wolfel’s basic design equation is:

r=(1-p, )% (Eq. 2.20)

T = horizontal shear at deck/concrete interface
5 b = coefficient dependent upon loading/deck type
V = applied shear

e = distance between center of compression and center of tension
A, = cross-sectional area
The equation allows the designer to predict the stress per embossment, but tests must be
conducted to determine the force that each embossment will carry. The method gives good results for
the cracked sections of the slab but does not give adequate consideration for end restraint and results
have been derived for a limited number of profiles.
Researchers identified other shortcomings of the m-k approach as given by:
e parameters could not be separated to determine the influence of each;
e more tests become necessary as the range of applications increase;
e the derived parameters are based on only one load arrangement;
e failure modes do not influence the evaluation method; and
e increased end anchorage is not taken into account (Bode and Sauerborn 1992).

Therefore, a new model, called the “Partial Shear Connection Method” (PSC) or “T-method”,

was developed by Patrick based on the stress distribution of the cross-section. The PSC method

determines the design strength as follows:

M, =N.xz+M, (Eq.2.21)
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where:
N =|N,|<N, (Eq. 2.22)

N. is the concrete compression force;
N, is tensile force in the steel sheet;
N,ris concrete compression force for full shear connection;
z=h,-05xx-e, +(ep —e)><77 (Eq. 2.23)
z is lever arm the force couple;
h; 1s total depth of the slab;
x is the depth of the concrete compression zone;
e, 1s the distance from the plastic neutral axis of the effective area of the sheeting to its
underside;
e 1s the distance from the centroid of the effective area of the steel sheet to its underside;

7) is the degree of shear interaction;

n=NJA4, %1, 7.) (Eq. 2.24)
A, is the effective area of the steel sheet;
F), is the yield strength of the profiled steel sheet;

x=N,/(bx0.85% £, /7.) (Eq. 2.25)
b is the width of the slab;
fe 1s characteristic compressive strength of the concrete;

7. 1s the partial safety factor for concrete;
M, =125xM, (1-n)<M, (Eq. 2.26)

M, 1s reduced plastic moment capacity of the steel sheet;

M, 1s plastic moment capacity of the effective cross-section of the sheeting;

The tensile force in the sheeting, |V p‘ =1x N, equals the concrete compressive force N.. The

couple between these two forces acts through the lever arm z. The cases of no connection and full

connection correspond to 7) = 0% and 7) = 100% respectively. For all cases in between these two

extremes, there exists a state of partial connection in which the steel sheet is not fully stressed by the
tensile force and thus can resist an additional bending moment M,,,. A diagram, as shown in Fig. 2.9,
can be created using the above equations.

Full scale slab tests must be performed to determine the shear-bond strength. The bond strength

value, 7, can then be calculated using the following equation:
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Tu = ntest X ch /(b x (Ls + L() )) (Eq 227)
where:

7west 15 the degree of shear connection obtained from tests;

Ly is the shear length;
L, overhang.

The characteristic value, 7, rk, can be derived from the 7, values obtained from testing. The design
shear strength, 7, r4, can then be determined by dividing the characteristic value, 7 gk, by the partial
safety factor for the bonding resistance .

Only three long span tests, controlled by longitudinal shear-bond failure, are required to

determine the bond strength, 7. The longitudinal shear-bond, 7, is almost constant over the entire
shear span therefore it is safe to assume a constant 7, value for design.

The Partial Interaction Diagram created is used by determining the intersection of the
interaction curve and the design moment curve as shown schematically in Fig. 2.9 (Bode and
Sauerborn 1992). Procedures are given for adapting the partial connection method for various end
anchorage conditions and addition reinforcement (Bode and Sauerborn 1992).

The PSC method, because it is based on the principles of composite beams, can only be used
for composite slabs with flexible connections, such as re-entrant profiles with embossments and
trapezoidal profiles with embossments and additional end restraint. It should be noted that the m-k
method is an adequate design method for trapezoidal profiles which exhibit brittle behavior (Bode
and Sauerborn 1992, Bode and Dauwel 1999).

Improvements of the PSC method have been suggested by a number of researchers. Calixto
and his colleagues suggest improving the current Eurocode partial shear connection method by
considering the frictional and mechanical resistances separately (Claxito et al 1998).

The friction coefficient corresponds to the slope of the regression line when all of the shear

strengths T, are plotted verses X. Where:

77ch'
—_— Eq. 2.28
YL AL (Fa-228)

and X =(V,)/(b(L, +L,)) (Eq. 2.29)
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Figure 2.9 - Partial Interaction Diagram (Bode and Sauerborn 1992)

Then, in the partial interaction diagram the value of N, is calculated as the summation of
three terms that correspond to mechanical interlock, end anchorage and friction.

Results of the improved partial connection method proposed by Calixto show much better
agreement with analysis performed by the m-k method, tests performed by Calixto and tests
performed by Schuster in 1984, than the current partial connection does.

Tenhovouri and Leskela (1998) used a non-linear finite element analysis with layered beam
elements to model slab behavior. The layers allow the interface to be modeled using an assumed
load-slip behavior for the shear connection. The effects of cold-forming and the reduced stiffness of
the concrete due to cracking were included in the model.

The results obtained from this analysis can be used with both the ‘m-k’ and PSC methods. It
was determined that results can be extrapolated from the FE results for use in the ‘m-k’ method if slab
depth remains constant due to a nearly constant ‘k’ value and that if the abscissa in the ‘m-k’ method
is manipulated to be the inverse of slenderness, the results will be parallel lines with slope m with
varying k values for different slab depths. Applying two depths in the ‘m-k’ method gives the wrong
slope for the representative line. It is also shown that the results from one test can be used with the

partial shear connection method to give values representative for slabs with other dimensions.
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Many researchers have developed small-scale tests, devised to determine shear-bond
characteristics of composite slabs, to predict the behavior of full-scale specimens in lieu of full-scale
tests. Small-scale tests consume less time, space and monetary resources than full-scale tests and
facilitate the ability to differentiate effects of various individual parameters, such as embossment
effectiveness (Daniels 1993a). However, some researchers believe that there is an inability of small-
scale tests to adequately simulate the complex interactions of bending and shear present in real slabs
(Wright and Essawy 1997).

Small-scale tests, usually referred to as shear-bond tests, evolved from the push-out tests
developed to determine the strength of composite beams utilizing welded shear studs (Daniels 1993a).

Various researchers have developed shear-bond test configurations consisting of shearing cast
concrete off of profiled sheeting. A sample of small-scale test specimens is shown in Fig. 2.10.
Typically, the shear resistance of the specimens at various load stages is determined from a plot of the

applied shear load versus end slip.

Schuster 1972 Stark 1978 Jolly and Zubair 1987

Daniels 1988 Patrick 1990

Figure 2.10 — Small Scale Test Set-Ups
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One of the more recent methods that apply the results of shear-bond tests, developed by Daniels
(1993a), allows for the inclusion of parameters that are not part of the standard full-scale tests and
incorporates the failure mechanism into the design procedure. The procedure consists of three parts:

1. Simplifications and assumptions concerning material properties.

2. Shear-bond tests consisting of a pull-out test to determine embossment load-slip behavior

and a push-out test to determine end anchorage load-slip behavior.

3. A numerical model that incorporates the material behavior and allows for the effects of slip

between the concrete and deck.

In Daniels’ pull-out assembly, the normal force represents the dead load of the deck and concrete
and remains constant throughout the test. The recorded values of shear versus slip, ignoring chemical
bonding are used in the numerical model.

As stated above, push-off tests are used to determine the performance of the end-anchorages.
For the push-off tests, decking with embossments should not be used as this does not allow the
contribution of the end-anchorage to be isolated. Typically, the failure mode in the push-off tests is
the buckling of the deck behind the shear connectors. (In none of the tests conducted by Daniels were
the shear connectors themselves damaged.)

The procedure presented by Daniels predicts, not only the strength of standard full-scale test
specimens, but also continuous span specimens with negative moment reinforcement and specimens
containing additional positive reinforcement and end anchorages (Daniels 1993Db).

Widjaja and Easterling (1996) developed a pair of strength methods based on partial shear
connection theory that eliminate the need for full-scale testing. The two procedures, known as the
Iterative Method and Direct Method, use the shear stress versus slip data obtained from shear-bond
tests to model a full scale slab with variable shear resistance along its length. The Iterative Method is
comprised of two phases: the analysis of the slab region where the deck acts as a tensile member
reinforcing the concrete slab, and the analysis of the slab region where the deck is a stand alone
flexural member. The procedure varies from the PCS method because it takes into account the
noncomposite strength of the deck. The Iterative Method determines the strength of slab throughout
its load history utilizing an elasto-plastic stress model. The Direct Method determines the ultimate
strength of the slab by summing the moments due shear transfer and the noncomposite strength of the
deck.

The Three Parameters Partial Connection Strength Method (or 3P PSCM), developed by
Veljkovic (2000), is another design procedure that employs the results of small-scale testing. The 3P

PCSM, based on an analytical approach that measures the physical causes of the interaction
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characteristics, is not limited to ductile slabs, but is limited to simply supported slabs with shallow
sheeting and negligible flexural resistance.

The procedure stems from a nonlinear finite element model (FEM), developed as part of the
“Partial Interaction in Composite Slab” project at Lulea University of Technology in Sweden, capable
of accurately predicting a two line load bending test (Veljkovic 1994). The 3P PSCM uses interface
properties, determined from small-scale push and pull-push tests, with the FEM to accurately predict
the full-scale behavior of composite slabs. The characteristics found from the small-scale tests are:
friction, mechanical interlocking, and the reduction of the mechanical interlocking due to strains in
the sheeting. Cracking and plasticity of the concrete, plasticity and isotropic hardening in the
sheeting, nonlinear shear resistance, and friction at the interface between concrete and sheeting are all
included in the FEM. The strength of the adhesive interlock between the concrete and steel deck is
not included in the model due to its unpredictable nature. It is believed that since the FE simulation
has accurately predicted both longitudinal and flexural failures of full-scale test slabs, that it can
reliably predict the behavior of both modes of failure (Veljkovic 1994).

Another model, the “New Model”, proposed by Shruuman and Stark (1997, 2000) was
founded on the belief that vertical separation between concrete and deck is an important parameter
affecting shear resistance of composite slabs. The “New Model”, assuming that vertical force
increases resistance at the support, replaces the constant shear resistance currently used in the partial
shear connection method with a variable shear resistance applied over two regions; region I, adjacent
to the supports, and region II, away from the supports. The shear resistance in regions I and II are

defined as o7 ,* and 7,* respectively. A simple small scale test can be used to determine ¢ 7 ,* and
7,*. The length of slab bounding these regions is defined as L.,. Numerous full scale tests with shear
span being the only variable will be required to determine reliable values for L,. Thus far, this

requirement has prevented the development of a design method based the “New Model”.

Perhaps the most beneficial aspect of the small-scale shear-bond tests are the insight they
provide concerning embossment behavior.  Several researchers have made observations on
embossment behavior based on results from small-scale tests. These observations will be discussed

as part of a later chapter concerning profile development.
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Chapter 3 - Test Program
3.1 Test Program

Each specimen constructed was given a test designation of the form CSI-i-j/k-I-m. The i
specifies the Series number. The characters j/k provide information about the steel deck; j being the
rib height and k being the gage. The length of the deck panels used for the specimen is represented
by the character 1. For specimens constructed continuously, the panel length is followed by a ¢
indicating a continuous span. Each slab configuration has two specimens; the character m is used to
differentiate them.

The study consisted of three series of load tests. Shown in Table 3.1 is a summary of

specimens tested in this study.

Table 3.1 — Test Program

Test Series | Span Type | Span Length, ft Deck Gage | No. of Specimens Load Type
Series | Continuous 20 20 2 Air Bladder - Uniform
Series Il Simple 13 20 2 Air Bladder - Uniform

Simple 9 20 2 Air Bladder - Uniform
Simple 7 20 2 Line Load
Simple 13 16 2 Air Bladder - Uniform
Simple 9 16 2 Line Load
Series IlI Simple 13 20 2 Line Load
Simple 7 20 2 Line Load
Continuous 20 20 2 Line Load

All specimens were load tested in the same location in which they were cast. Test loads were
applied in stages. Vertical deflections were measured at each load stage by wire potentiometers
located at various points along the slab’s length. In addition, deck strains were measured and
recorded for each specimen. Deck strains were measured 1ft from each end, at quarter points, and at
mid-span for each of the Series I continuous slabs. For each of the Series Il specimens, deck strains
were measured at each quarter point and mid-span. The Series III deck strains were measured and
recorded at mid-span, at the location of the applied line load and at the midway point between the
applied line load and the end of the slab. In addition, rebar strains were measured in three bars at the
interior support and at 1 ft on either side in each of the Series III continuous specimens. Relative end
slip was measured at each corner of each specimen using potentiometers. The instrument layout for
each test specimen is included in the appropriate appendices.

The Series I continuous slabs, the Series II 20 gage and 16 gage 13 ft simple span specimens
and the Series II 20 gage 9 ft simple span specimens were all load tested using a 10 ft by 6 ft wide air
bladder centered in the middle of the span. The bladders applied uniform pressure measured with

calibrated strain-gage-based pressure transducers. For the continuous slabs, bladders were centered
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on each span and the pressure in the bladders was increased simultaneously in an attempt to maintain
equal loads on each span.

For each of the continuous specimens, the expansion of the bladders was contained from
above by a layer of % in. plywood supported by six cross beams spanning the width of the slab. The
cross beams were in turn supported by girders which connected to columns fastened to the reaction

floor. A schematic of the typical test-setup for the continuous span specimens is shown in Fig. 3.1.

e

Figure 3.1 - Cut-Away of Typical Continuous Span Test Setup

For the simple span specimens tested with the air bladder, two layers of % in. plywood and
six or seven cross beams were utilized in a similar manner as that presented above. A schematic of
the typical test set-up for the simple span specimens tested with the air bladder is shown in Fig. 3.2.

The Series II specimens with predicted capacities exceeding the safe loading capacity of the
air bladder (7ft 20 gage and 9ft 16 gage specimens) and all of the Series III specimens were load
tested by concentrated line loads. After reviewing the results of both the air bladder and hydraulic
ram loaded specimens it was determined that all of the Series III specimens would be hydraulic ram
loaded. The line loads were applied by two beams, placed on rubber pads spanning the slab width,
spaced equal distances from each end support. At mid-span of each of the cross beams was a
spreader beam. Load was applied to mid-span of the spreader beam from above by a hydraulic ram

restrained by a support frame. The load applied by the ram was measured by a calibrated load cell
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and recorded at each load interval. A schematic of the set-up of the specimens tested with

concentrated line loads is shown in Fig. 3.3.

VERSA-DEK
PROFILE.

AIR BAG

Figure 3.2 - Cut-Away of Typical Test Set Up for Simple Spans Tested with Air-Bladder

After the initial Series of continuous slab tests, it was decided that the test procedure of the
continuous composite slabs should be modified to better simulate a uniformly distributed live load.
As stated above, the first Series of continuous span specimens tested were loaded with 10 ft by 6 ft air
bags centered at each mid-span. When determining an equivalent uniformly distributed live load, the
positive moment from the as-loaded condition was used to back solve for the load. For the as-loaded
condition, the maximum positive moment, Myosmax, and maximum negative moment, Myegmax, Were
determined for a 100 psf load. Then, by trial and error, a uniform load was found that created a
maximum positive moment equal to Mposmax. The uniform load causing a maximum positive moment
equal to Myosmax Was found to be 79 psf. Therefore, when determining an equivalent uniform load in
reference to maximum positive moment, the test load must be multiplied by 0.79. However, a
uniform load of 79 psf resulted in a maximum negative moment that was 1.12 times Myegmax.
Therefore, the equivalent uniformly distributed live load does not accurately simulate a uniformly
loaded slab.

This problem can be overcome by positioning the air bladders to create as-loaded condition
that can be accurately modeled by an equivalent uniform load. The desired position for the air bags

was found by trial and error using the commercial design software RISA-3D. For 20 ft spans, the air
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bladders need to be centered at approximately 11 ft 3 ' in. from the end of the slab in order to be
accurately modeled by an equivalent uniform load. When testing continuous slabs of different
lengths, a new air bag position needs to be determined. The air bladder position used for the Series I
specimens and the recommended air bladder position for future 20 ft continuous specimens are shown
in Fig. 3.4. It should be noted that temporary shoring utilized during the curing on the concrete is

shown in Fig. 3.4.

NOTES:
END POUR STOP, HYDRAULIC RAM
AND SUPPORT FRAME NOT SHOWN
FOR CLARITY

Figure 3.3 — Schematic of Typical Line Load Test Set-Up
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Figure 3.4 - Air Bladder Position
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3.2 Test Preparation

The steel panels were prepared for forming the composite slab by placing three panels side by
side and attaching the panel ends to steel support beams spaced to provide the desired clear distance.
The panels were fastened to each other by screws spaced at approximately 12 in. on center through
the top flanges of adjacent panels.

Forms, consisting of cold-formed pour stop with a nominal depth of 6 in., were used on each
of the specimens. Removable pour stop with return lips turned outward were used on the sides and
stay-in-place pour stop with return lips turned inward were used on the ends of each specimen as
shown in details 1 and 3 of Fig. 3.5. The side forms were removed from each specimen seven days

after casting. The panel ends and end pour stop were fastened to the support beams at the middle of

each bottom flange by 4" diameter bolts.
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STOP VERTICAL DURING
PLACEMENT 0OF CONCRETE \‘
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Figure 3.5 — Typical Construction Details
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Shoring was used as dictated in the CSI design catalog. For the 20 ft continuous slab
specimens, two lines of shoring for each span were utilized. For the 20 gage 7 ft, 9 ft, and 11ft and
the 16 gage 13 ft simple span specimens one line of shoring near mid-span was used. Shoring
consisted of a 4x4 timber beam supported by adjustable stands at two points. Shoring was typically
removed from the specimens a day or two before testing or when the shoring was required for the
casting of other specimens.

For each continuous slab, 11 No. 6, grade 60, deformed reinforcing bars were used for
negative moment reinforcement. Each bar was 12 ft 4 in. in length and was supported by threaded
rod or chairs at three locations to allow % in. cover above the bars. Examination of the Series |
specimens indicated that the threaded rods utilized for the continuous slabs did not adequately prevent
the rebar from moving during the casting of the concrete. Plastic chairs were utilized to prevent the
rebar in the Series Il specimens from moving during the casting of the concrete. The plastic chairs
greatly reduced the movement of the rebar.

For each slab, temperature and shrinkage steel consisting of welded wire fabric was used. The size of
the welded wire utilized varied. For the simple span Series II tests 6 x 6 - W2.9 x W2.9 was used.
Each of the Series I and III specimens contained 6 x 6 - W2.5 x W2.5 was used.

Transit-mixed normal weight structural concrete with a typical slump of 4 to 5 in.
was used in each specimen. The slabs were lightly vibrated, rough-floated, and finished with minimal
toweling or a light broom.

As the slabs were cast, standard 4 in. by 8 in. cylinders were made following ASTM
C31/C31M-00e1 (ASTM C31) and tested following ASTM C39/C39M-01 (ASTM C39). The slabs
and test cylinders were kept moist and cured for seven days under a polyethylene sheet. All spans

were tested on or after 28 days.
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Chapter 4 - Simple Span Tests
4.1 Test Results
4.1.1 Series I1

The Series II simple span tests consisted of ten specimens; two 13 ft 20 gage, two 9 ft 20
gage, two 7 ft 20 gage, two 13 ft 16 gage, and two 9 ft 16 gage. Each specimen consisted of three
deck panels with embossments spaced nominally at 6 in. on center with a 3 in. stagger. Each deck

layout is shown in Appendix B. The Series Il embossment dimensions are shown in Fig. 4.1.

01415 | 02043 | 01415

*
00625
! 24°

SERIES IT EMBOSSMENT

Figure 4.1- Series I Embossment
Following is a brief summary of the results of each of the Series II simple span tests.
Complete results for each specimen can be found in Appendix B. Each mid-span deflection figure
shown herein includes the theoretical first yield live load designated as q¢ and the stiffness of the
uncracked section, I, and average of uncracked and cracked sections, I, found in accordance with the
Standard. Observations and discussion of the results will follow in another section.

Observations and discussion of the results will follow in section 4.3.

4.1.1.1 CSI-11-2/20-13-A
Test results show that the system behaved almost linearly until a test load of approximately

100 psf was reached, as shown in Fig. 4.2. The first cracks were noted at a test load of 235 psf. The
first cracks, designated crack 1 on the crack maps in Appendix B, were all vertical, fine cracks that
propagated and widened throughout the test. Numerous cracks developed throughout the test. The
test loads and corresponding cracks are noted in Appendix B.

The maximum test load carried by the specimen was 495 psf, and the system was able to
develop a ductile plateau. This test load corresponds to an equivalent uniform load of 467 psf. The
first yield load according to the ASCE Standard for the Design of Composite Slabs was 596 psf
(equivalent uniform load). The ratio of equivalent uniform test load to theoretical first yield load is
0.80. The bottom flange of the steel deck did not yield; therefore, the failure mode was determined to
be longitudinal shear-bond.

The maximum deflections at failure were 4.68 in. at mid-span, 3.04 in. at quarter point 1, and

2.81 in. at quarter point 2. The first recorded end-slip occurred at a test load of 255 psf. The relative
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end-slip gradually increased to 0.32 in. at maximum load. It should be noted that potentiometer 4 did
not function properly and that potentiometers number 5 and 8 slipped from their targets as the
deflection of the slab became large as seen in Fig. 4.3.

Load vs. Midspan Deflection/End Slip
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Figure 4.2- CSI-I1-2/20-13-A Load vs. Mid-span Deflection / End Slip

33



-
i

DECK SLIP

POUR STOP SLIP

Figure 4.3 - Potentiometer Slipping From Targets

4.1.1.2 CSI-11-2/20-13-B
The response of CSI-11-2/20-13-B was very similar to CSI-11-2/20-13-A; CSI-11-2/20-13-B

behaved nearly linearly to a test load of approximately 100 psf, as shown in Fig. 4.4. The first crack
was noted at a load of 165 psf. As with CSI-I1-2/20-13-A, the first crack in the test specimen was a
vertical fine crack that propagated and widened throughout the test. The test loads and corresponding
cracks are mapped in Appendix B.

The maximum test load carried by the specimen was 479 psf which corresponds to an
equivalent uniform load of 462 psf. The system was able to develop a ductile plateau. The first yield
load found in accordance with the ASCE Standard for the Design of Composite Slabs is 596 psf
(equivalent uniform load). The ratio of equivalent uniform test load to theoretical first yield load is
0.78. Examination of the strain records indicates the bottom flanges of the steel deck did not yield;
therefore, the failure mode was determined to be longitudinal shear-bond.

The maximum deflections at failure were 4.94 in. at mid-span, 2.94 in. at quarter point 1, and

3.44 in. at quarter point 2. The first end-slip was recorded at a test load of 249 psf (10 ft loaded area).

34



The relative end-slip continued to increase to a maximum of 0.36 in. at maximum load. It should be

noted that potentiometers 5 and 8 slipped from their targets as the deflection of the slab became large.

Load vs. Midspan Deflection/End Slip
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Figure 4.4 - CSI-11-2/20-13-B Load vs. Mid-span Deflection / End Slip

4.1.1.3 CSI-11-2/20-9-A

Test results show that the system behaved almost linearly until a test load of approximately
200 psf was reached, as shown in Fig. 4.5. The first cracks were noted at various points at a load of
535 psf. It should be noted that cracks were not mapped on side A due to space constraints. The first
cracks were fine cracks that propagated and widened throughout the test. Numerous other cracks
developed throughout the test. The test loads and corresponding cracks are noted and mapped in
Appendix B.

The maximum test load carried by the specimen was 1067 psf, and the system was able to
develop a ductile plateau. The first yield load according to the ASCE Standard for the Design of
Composite Slabs was 1432 psf. The ratio of test load to theoretical first yield load is 0.75. The
bottom flange of the steel deck did not yield; therefore, the failure mode was determined to be
longitudinal shear-bond.

The maximum deflections at failure were 2.83 in. at mid-span, 1.73 in. at quarter point 1, and
1.86 in. at quarter point 2. The first recorded end-slip occurred at a test load of 530 psf. The relative

end-slip gradually increased to a maximum of 0.34 in. at maximum load.
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Load vs. Mid Span Deflection/End Slip
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Figure 4.5 - CSI-11-2/20-9-A Load vs. Mid-span Deflection / End Slip

4.1.1.4 CSI-11-2/20-9-B
The response of CSI-2/20-9-B was very similar to CSI-2/20-9-A; CSI-2/20-9-B behaved

nearly linearly to a test load of approximately 200 psf, as shown in Fig. 4.6. The first cracks were
noted at a test load of 485 psf. It should be noted that due to space constraints the cracks on side A
were not mapped. The first cracks on the test specimen were fine cracks that propagated and widened
throughout the test. Numerous other cracks developed throughout the test. The test loads and
corresponding cracks are mapped in Appendix B.

The maximum load carried by the specimen was 1087 psf, and the system was able to
develop a ductile plateau. The first yield load according to the ASCE Standard for the Design of
Composite Slabs was 1432 psf. The ratio of test load to theoretical first yield load is 0.76. The
bottom flange of the steel deck did not yield; therefore, the failure mode was determined to be
longitudinal shear-bond.

The maximum deflections at failure were 3.08 in. at mid-span, 2.06 in. at quarter point 1, and
1.89 in. at quarter point 2. The first end-slip recorded occurred at a test load of 506 psf. The relative

end-slip continued to increase to a maximum of 0.25 in. at maximum load. It should be noted that
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potentiometers 4 and 6 did not function properly and that potentiometers 1 and 8 slipped from their
targets as the deflection of the slab became large.

Load vs. Mid Span Deflection/End Slip
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Figure 4.6 - CSI-11-2/20-9-B Load vs. Mid-span Deflection / End Slip

4.1.1.5 CSI-I1-2/20-7-A
The CSI-1I-2/20-7-A specimen was initially loaded by air bag until the test load exceeded the

capacity of the pressure transducer. At that point, the specimen was unloaded and the air bag test set
up was removed and replaced with a line load test set up.

The first cracks were noted at various points along both sides at a load of 1100 psf. The first
cracks were fine cracks that propagated and widened throughout the test. Numerous cracks
developed throughout the test. The test loads and corresponding cracks are noted and mapped in
Appendix B.

The maximum load carried by the specimen was 5.74 kip/ft which corresponds to an
equivalent uniform load of 1920 psf as shown in Fig. 4.7. The system was able to develop a ductile
plateau. The first yield load according to the ASCE Standard for the Design of Composite Slabs was
2754 psf (equivalent uniform load). The ratio of test load to theoretical first yield load is 0.70. The
bottom flange of the steel deck did not yield; therefore, the failure mode was determined to be

longitudinal shear-bond.
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The maximum deflections at failure were 1.15 in. at mid-span, 0.96 in. at quarter point 1, and
0.96 in. at quarter point 2. Due to the prior loading, initial end slip occurred almost instantly during
the line loaded portion of the test. The relative end-slip gradually increased to a maximum of 0.23 in.
at maximum load. It should be noted that potentiometer 1 slipped from its target as the deflection of
the slab became large.
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Figure 4.7 - CSI-11-2/20-7-A Load vs. Mid-span Deflection / End Slip

4.1.1.6 CSI-I1-2/20-7-B
Test results show that the system behaved almost linearly until a load of approximately 0.7

kip/ft was reached, as seen in Fig. 4.8. The first cracks were noted at two points at a load of
approximately 2.8 kip/ft. The first cracks were fine cracks that propagated and widened throughout
the test. Numerous other cracks developed throughout the test. The test loads and corresponding
cracks are noted and mapped in Appendix B.

The maximum load carried by the specimen was 5.16 kip/ft which corresponds to an
equivalent uniform load of 1720 psf (equivalent uniform load). As with all of the previous
specimens, the system was able to develop a ductile plateau. The first yield load found in accordance

with the ASCE Standard for the Design of Composite Slabs was 2754 psf (equivalent uniform load).
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The ratio of equivalent uniform test load to theoretical first yield load is 0.62. The bottom flange of
the steel deck did not yield; therefore, the failure mode was determined to be longitudinal shear-bond.

The maximum deflections at failure were 1.26 in. at mid-span, 0.98 in. at quarter point 1, and
1.01 in. at quarter point 2. The first recorded end-slip occurred at a test load of 2.8 kip/ft. The
relative end-slip gradually increased to a maximum of 0.28 in. at failure. It should be noted that
potentiometer 8 slipped from its target as the deflection of the slab became large.

Load vs. Mid Span Deflection/End Slip

CSI-11-2/20-7-B
e End Slip (in) -
0.0 0.5 1.0 15
— 3000
I“l gy Qy = 2754 psf (Uniform Load) 1

b 2500
1 G—
7]
£
L2000 &
| o
— |
E 1S
X i o
2 . L 1500 £
© 4 [
o =)
- -—
1 T
—— End Slip 1 [0 g
\ o] End Slip 2 =]
| — — End Slip 3 ' ] g

| —-- End Slip 4 | - 500

!
T Tl T I T O

0.0 0.5 1.0 1.5 2.0

Deflection (in)

Figure 4.8 - CSI-11-2/20-7-B Load vs. Mid-span Deflection / End Slip

4.1.1.7 CSI-11-2/16-13-A

Test results show that the system behaved almost linearly until a test load of approximately
150 psf was reached, as shown in Fig. 4.9. The first cracks were noted at various points at a test load
of 320 psf. It should be noted that cracks were not mapped on side B due to space constraints. The
first cracks were fine cracks that propagated and widened throughout the test. Numerous other cracks
developed throughout the test. The test loads and corresponding cracks are noted and mapped in
Appendix B.

The maximum load carried by the specimen was 1200 psf corresponding to an equivalent
uniform load of 1157 psf. The system did not develop a ductile plateau; at the maximum load, the

concrete crushed. The first yield load according to the ASCE Standard for the Design of Composite

39



Slabs was 1019 psf (equivalent uniform load). The ratio of equivalent uniform test load to theoretical
first yield is 1.14. Some bottom flanges of the steel deck yielded but not all; therefore, the failure
mode was determined to be a combination of deflection, longitudinal shear-bond, and concrete
crushing.

The maximum deflections at failure were 7.09 in. at mid-span, 4.69 in. at quarter point 1, and
5.22 in. at quarter point 2. The first recorded jump in end-slip occurred at a test load of 475 psf. The
relative end-slip gradually increased to a maximum of 0.604 in at maximum load. It should be noted
that potentiometer 6 does not appear to have functioned properly and potentiometer 3 slipped under
the end of the slab as it lifted from the support during loading, see Fig. 4.2.
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Figure 4.9 - CSI-I1-2/16-13-A Load vs. Mid-span Deflection / End Slip

4.1.1.8 CSI-11-2/16-13-B

Test results show that the system behaved almost linearly until a test load of approximately
150 psf was reached, see Fig. 4.10. The first cracks were noted at a load of 345 psf. The first cracks
were fine cracks that propagated and widened throughout the test. Numerous other cracks developed
throughout the test. The test loads and corresponding cracks are noted and mapped in Appendix B.

The maximum test load carried by the specimen was 1190 psf, corresponding to an equivalent
uniform load of 1147 psf. The system was able to develop a ductile plateau. After the specimen had

failed, more load was added until the concrete was crushed. The first yield load according to the
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ASCE Standard for the Design of Composite Slabs was 1019 psf (equivalent uniform load) and the
predicted ultimate load was 1130 psf (equivalent uniform load). The ratio of equivalent uniform test
load to theoretical first yield load is 1.13. Some bottom flanges of the steel deck yielded but not all;
therefore, the failure mode was determined to be a combination of bending and longitudinal shear-
bond.

The maximum deflections at failure were 7.57 in. at mid-span, 5.29 in. at quarter point 1, and
5.53 in. at quarter point 2. The first recorded jump in end-slip occurred at a test load of
approximately 500 psf. The relative end-slip gradually increased to a maximum of 0.57 in. at

maximum load
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Figure 4.10 - CSI-11-2/16-13-B Load vs. Mid-span Deflection / End Slip

4.1.1.9 CSI-11-2/16-9-A

Test results show that the system behaved almost linearly until a test load of approximately
2.5 kip/ft was reached, see Fig. 4.11. The first cracks were noted at various points at a test load of 60
kips. The first cracks were fine cracks that propagated and widened throughout the test. Numerous
other cracks developed throughout the test. The test loads and corresponding cracks are noted and
mapped in Appendix A.

The maximum load carried by the specimen was 8.16 kip/ft corresponding to an equivalent
uniform load of 1956 psf. The system was able to develop a ductile plateau. The first yield load
according to the ASCE Standard for the Design of Composite Slabs was 2343 psf (equivalent uniform
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load). The ratio of equivalent uniform test load to theoretical first yield load is 0.83. Each of the
instrumented bottom flanges of the steel deck, at both of the quarter points, yielded; but, the predicted
ultimate strength of the slab was not approached. Therefore, the failure mode was determined to be a
combination of bending and longitudinal shear-bond.

The maximum deflections at failure were 2.46 in. at mid-span, 2.0 in. at quarter point 1, and
2.20 in. at quarter point 2. The first recorded jump in end-slip occurred at a test load of
approximately 4.2 kip/ft. The relative end-slip gradually increased to a maximum of 0.36 in. at

maximum load.
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Figure 4.11 - CSI-11-2/16-9-A Load vs. Mid-span Deflection / End Slip

4.1.1.10 CSI-11-2/16-9-B

Test results show that the system behaved almost linearly until a test load of approximately
3.0 kip/ft was reached, see Fig. 4.12. The first cracks were noted at various points at a test load of 60
kips. The first cracks were fine cracks that propagated and widened throughout the test. Numerous
other cracks developed throughout the test. The test loads and corresponding cracks are noted and
mapped in Appendix B.

The maximum load carried by the specimen was 8.42 kip/ft and the system was able to
develop a ductile plateau. The first yield load according to the ASCE Standard for the Design of

Composite Slabs was 2343 psf (equivalent uniform load). The ratio of equivalent uniform test load to
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theoretical first yield load is 0.86. Each of the instrumented bottom flanges of the steel deck, at both
of the quarter points, yielded; but, the predicted ultimate strength of the slab was not approached.
Therefore, the failure mode was determined to be a combination of bending and longitudinal shear-
bond.

The maximum deflections at failure were 2.03 in. at mid-span, 1.76 in. at quarter point 1, and
1.60 in. at quarter point 2.

The first recorded jump in end-slip occurred at a test load of approximately 4.2 kip/ft. The
relative end-slip gradually increased to a maximum of 0.26 in. at maximum load. It should be noted
that potentiometers 1 and 4 did not function properly. It should also be noted that the wire for
potentiometer 3 was pulled during the examination of the slab at a test load of approximately 70 kip.
This resulted in a displacement of potentiometer 3 that will offset the relative end-slip values.
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4.1.2 Series 111

The Series 111 simple span tests consisted of four specimens; two 13 ft 20 gage and two 7 ft
20 gage. Each specimen consisted of three deck panels with embossments spaced nominally at 6” on
center with the first embossment placed 3 in. from the end of the panel. The Series III embossment

dimensions are shown in Fig. 4.13.
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SERIES III EMBOSSMENT
206G SPECIMENS

Figure 4.13 - Series I1I Embossment
Following is a brief summary of the results of each of the Series III simple span tests.
Complete results for each specimen can be found in Appendix C. Each mid-span deflection figure
shown herein includes the theoretical first yield live load designated as g and the stiffness of the
uncracked section, I, and average of uncracked and cracked sections, I, found in accordance with the

Standard. Observations and discussion of the results will follow in another section.

4.1.2.1 CSI-I11-2/20-13-A
Test results show that the system behaved almost linearly until a test load of approximately

0.47 kip/ft was reached, however this was the first load stage so the system may have already become
nonlinear by that point, see Fig. 4.14. The first cracks were noted at various points along side B at a
load of 1.04 kip/ft. The first cracks, designated crack 1 on the crack maps in the data pack, were all
diagonal, fine cracks that propagated and widened throughout the test. Numerous other cracks
developed throughout the test. The test loads and corresponding cracks are noted and mapped in
Appendix C.

The maximum load carried by the specimen was 2.56 kip/ft, and the system was able to
develop a ductile plateau. The first yield load according to the ASCE Standard for the Design of
Composite Slabs was 586 psf (equivalent uniform load). The ratio of equivalent uniform test load to
theoretical first yield load is 0.83. The bottom flange of the steel deck did not yield; therefore, the
failure mode was determined to be longitudinal shear-bond.

The deflections at failure were 3.81 in. at mid-span, 3.49 in. at 4 ft, and 3.39 in. at 9 ft. The
first recorded end-slip occurred at a test load of 0.77 kip/ft. The relative end-slip gradually increased
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to a maximum of 0.31 in. at maximum load. It should be noted that potentiometer 4 did not function

properly after a load of 2.08 kip/ft.
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Figure 4.14 - CSI-111-2/20-13-A Load vs. Mid-span Deflection / End Slip

4.1.2.2 CSI-111-2/20-13-B

Test results show that the system became nonlinear after the first recorded load of 0.26 kip/ft
was reached, see Fig. 4.15. Popping noises were noted with initial application of load. The first
cracks were noted at various points at a load of 1.10kip/ft. The first cracks, designated crack 1 on the
crack maps in the data pack, were all diagonal, fine cracks that propagated and widened throughout
the test. Numerous other cracks developed throughout the test. The test loads and corresponding
cracks are noted and mapped in Appendix C.

The maximum load carried by the specimen was 2.38 kip/ft, and the system was able to
develop a ductile plateau. The first yield load according to the ASCE Standard for the Design of
Composite Slabs was 586 psf (equivalent uniform load). The ratio of equivalent uniform test load to
theoretical first yield load is 0.77. The bottom flange of the steel deck did not yield; therefore, the

failure mode was determined to be longitudinal shear-bond.
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The deflections at failure were 3.62 in. at mid-span, 3.17 in. at 4 ft, and 3.19 in. at 9 ft. The
first recorded end-slip occurred at a test load of 0.73 kip/ft. The relative end-slip gradually increased

to a maximum of 0.31 in. at maximum load.
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Figure 4.15 - CSI-111-2/20-13-B Load vs. Mid-span Deflection / End Slip

4.1.2.3 CSI-111-2/20-7-A

During the testing of this specimen it was noted that the load cell appeared to be indicating
unrealistic values. Testing was completed as the slab was already showing signs of degradation when
the problem was observed. Throughout the remainder of the test the deflections reported by the wire
pots and potentiometers were manually confirmed to ensure their accuracy.

It is believed that the load cell was not zero/calibrated properly at the initiation of the test thus
producing the inaccurate values. However, it was believed that the values reported by the load cell
could be scaled to accurately determine the behavior of the slab.

Therefore, after the testing of CSI-111-2/20-7-B, the ratio of ultimate loads corresponding to
equal mid-span deflections between the two specimens was determined. This of course assumes that
the slabs reached the same ultimate load which may or may not be entirely true but is probably
somewhat accurate. The ratio was used to factor all loads from specimen A. The results, when

compared to specimen B show good correlation. It is believed that the modified load with the
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deflection, strain, and end-slip values accurately depicts the behavior of specimen A but can not be
used as a confirmatory test.

Test results show that the system behaved almost linearly until a modified test load of
approximately 1.7 kip/ft was reached, see Fig. 4.16. The first cracks were noted at various points at a
test load of 2.2 kips. The first cracks were fine cracks that propagated and widened as load increased.
Numerous other cracks developed throughout the test. The test loads and corresponding cracks are
noted and mapped in Appendix C.

The maximum modified test load carried by the specimen was 5.49 kip/ft corresponding to an
equivalent uniform load of 1830 psf. The system was able to develop a ductile plateau. The first
yield load according to the ASCE Standard for the Design of Composite Slabs was 2525 psf
(equivalent uniform load). The ratio of equivalent uniform test load to theoretical first yield load is
0.72. The bottom flange of the steel deck did not yield; therefore, the failure mode was determined to
be longitudinal shear-bond. Nearly all of the strains were in compression at the end of the test
signifying that the embossments had been overridden.

The deflections at failure were 2.15 in. at mid-span, 1.96 in. at 2 ft, and 1.83 in. at 5 ft. The
first recorded end-slip occurred at a test load of approximately 1.4 kip/ft. The relative end-slip

gradually increased to a maximum of 0.31 in. at maximum load.

4.1.2.4 CSI-111-2/20-7-B

Test results show that the system behaved almost linearly until a load of approximately 1.7
kip/ft was reached, see Fig. 4.16. The first cracks were noted at various points at a test load of 35
kips. The first cracks were fine cracks that propagated and widened as load increased. Numerous
other cracks developed throughout the test. The test loads and corresponding cracks are noted and
mapped in Appendix C.
The maximum modified test load carried by the specimen was 5.49 kip/ft corresponding to an
equivalent uniform load of 1830 psf. The system was able to develop a ductile plateau. The first
yield load according to the ASCE Standard for the Design of Composite Slabs was 2525 psf
(equivalent uniform load). The ratio of equivalent uniform test load to theoretical first yield load is
0.72. The bottom flange of the steel deck did not yield; therefore, the failure mode was determined to
be longitudinal shear-bond. As with CSI-I1I-2/20-7-A nearly all of the strains were in compression at
the end of the test signifying that the embossments had been overridden.

The deflections at failure were 2.18 in. at mid-span, 1.84 in. at 2 ft, and 1.98 in. at 5 ft. The
first recorded end-slip occurred at a test load of approximately 1.5 kip/ft. The relative end-slip

gradually increased to a maximum of 0.38 in. at maximum load.
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l | Load vs. Deflection/End Slip
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Figure 4.16 - CSI-I111-2/20-7-A/B Load vs. Mid-span Deflection / End Slip

4.2 Strength and Stiffness Formulations
4.2.1 Section Properties

Section properties of the steel deck were calculated using the measured profile dimensions.
The area of steel per ft, the full section moment of inertia per ft and the centroid of full section were
found in accordance with the AISI Cold-Formed Steel Design Manual. The distance from the neutral
axis of the composite section to the top of the slab for the uncracked and cracked composite sections
and moments of inertia for the uncracked and cracked composite sections were calculated in
accordance with Appendix B of the ASCE Standard for the Structural Design of Composite Slabs
(Standard (1992)).

4.2.2 Strength Predictions

The moments resulting from the removal of the shoring were calculated for slabs that were
shored during casting. The moments due to the load frame, when applicable, were also calculated.
The minimum moment required to reach first yield, M, was calculated from the Appendix D method
of the ASCE Standard for the Structural Design of Composite Slabs. The calculated M., was then

adjusted by subtracting the moments due to shoring removal and due to the load frame.
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Due to the limitations set forth in the ASCE standards for the use of the Appendix D
formulas, the nominal moment strength as calculated by modification of M., was not determined. The
live load required to reach first yield moment, M., at various points along the slab’s length was
calculated.

The applied live load corresponding to first yield, qe, was determined by solving for the live
load required to cause the first yield moment. The theoretical first yield live load is shown on each
mid-span load versus deflection plot.

The allowable live load was also calculated using the method outlined in the Steel Deck
Institute’s Composite Deck Design Handbook. The cracked section modulus for each composite
section was found using the design deck dimensions. The first yield moment, My, was found from the
equation F,S., where Fy is the measured yield strength of the deck and S is the cracked section
modulus of the composite section. A summary of the first yield moments calculated by the ASCE
and SDI methods is shown in Table 4.1. Sample calculations of M, and q. are presented in

Appendix E.

Table 4.1 — ASCE and SDI First Yield Moment Comparison

ASCE Method | SDI Method

Specimen Mg (ft 1b) My (ft Ib) Mg/Mg
CSI-11-2/20-13 12939 12871 1.005
CSI-11-2/20-9 13098 13034 1.005
CSI-11-2/20-7 14294 14224 1.005
CSI-11-2/16-13 20962 20195 1.038
CSI-11-2/16-9 21142 20373 1.038
CSI-11-2/20-13 13133 12731 1.032
CSI-ll1-2/20-7 13147 12745 1.032

The evaluation of each slab is based on the test load versus the theoretical first yield load. A

discussion of the performance of each simple span specimen is presented in the following sections.

4.2.3 Stiffness Models

The current stiffness model from the ASCE Standard for the Structural Design of Composite Slabs
uses an average of the uncracked and cracked moments of inertia. The moments of inertia are found
from the following equations in Appendix B of the Standard. Sample calculations are given in
Appendix E. All of the parameters in Eq. 4.1 through Eq. 4.13 are defined in the list of symbols
located on pages xv to xviii of this document. The cracked moment of inertia I, is:

I, = %(yw ) +nd, (v ) +nl, int (Eq. 4.1)
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where, if y.. < h,
Yee = d{[2pn + (pn)z ]% - p]’l} , in.

If ye > h, use y.. = h..

The uncracked moment of inertia I, is given by

b

I,== +bh, (v, —0.5h,) +nl, +ndy," +

u

Cc

W bd, [d 2
where y.. is given by

_0.5bh} +nd,d+W,d,(h—0.5d,)b/C,
Fee bh_+nd_+W.d,b/C. ,in.

The moment of inertia of the composite section is given by:
— Iu +]c . in.4

1, 5

“d 4 (h—y_ -0.5d,)
Ly -0s0,Y|

(Eq. 4.2)

,in* (Eq. 4.3)

(Eq. 4.4)

(Eq. 4.5)

The moments of inertia are used to determine the slab’s stiffness and are plotted on each of

the load versus mid-span deflection plots for the specimens tested as part of this study. The

composite slab stiffness determined from the above equations fairly accurately predicts the deflection

of the specimens tested but some researchers have the stiffness to be too high resulting in

unconservative deflection predictions (Tenhovouri, et al. 1997).

According to past research, the Branson method appears to give a more accurate stiffness,

especially for re-entrant profiles (Tenhovouri, et al. 1997). Therefore, the effective moment of inertia

at given loads was determined for each specimen at various loads using ACI Equation 9-7 which is

based on the Branson method.

3 3
M M
L= =< | I, +|1-| =< | |I, ,in}
M(l Ma

where:
i

M., =f' £ in-lb
Vi

and

f.=T75f." ,psi

(Eq. 4.6)

(Eq. 4.7)

(Eq. 4.8)
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Research was performed by Lamport and Porter (1990) to develop a procedure that would
accurately predict deflections in composite slabs. The ASCE/ANSI and ACI methods for predicting
the deflection of composite slabs were evaluated by examining 142 specimens.

Lamport and Porter found that, in general, initial L., was less than I, even though the applied
load was below M. They also concluded that the ASCE/ANSI method of averaging the two
moments of inertia gives a better fit in the service load stage than the ACI method but, the ACI
method gives a better fit in the overload stage. This was also found in examination of the simple span
tests conducted in this study.

Lamport and Porter reported that the ACI method is more unconservative than the
ASCE/ANSI method for low loads in short spans, but becomes more conservative as load increases.
For long spans the ACI equation is conservative throughout the load stages.

Based on their observations, a procedure for determining the modified moment of inertia was

suggested. The procedure follows:

M, <M, (Eq. 4.9)
I,=k, , in? (Eq. 4.10)
M, =M, (Eq. 4.11)
M ‘ m M m
I,=kl,|—=| +|1-|—==| |I, <Kk, ,in* (Eq. 4.12)
Ma Ma
Where /) is given by:
I, =nl, +nd(d-c) i (Eq. 4.13)
Values of k for 3.4in<t.<5.1in.
dd =1%in.
k=1.0
dd =2 in.
k=2.0-0.239%.<1.0
dd =3 1in.

k=1536-0.185t.<1.0
When d; <2 in.

m=0.55
When d; =3 in.
m=1.3
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A suggested rational for the /., being lower than /, at loads less than M., is the difference in
temperature and shrinkage effects in composite slabs versus reinforced concrete slabs. In composite
slabs, the steel deck does not allow the bottom concrete to shrink freely as in a normal reinforced
concrete slab. This causes tensile stresses in the concrete leading to cracks thus reducing the section’s
stiffness. Even if the restrained temperature and shrinkage strains do not initiate cracks, they reduce
the moment required to do so (Lamport and Porter 1990).

Following are load versus deflection plots comparing the various deflection models discussed
above. The loads and deflections were calculated for the as loaded cases. The various deflection
models versus the mid-span deflection of a 13 ft specimen loaded with an air bladder are shown in

Fig. 4.17. The maximum allowable deflection for this span based on the ratio of /360 is 0.41in. The

design of a composite slab utilizing 20 gage Versa-Dek with a 4 ft shear span would result in an
allowable live load of approximately 195 psf as per the above reduction of the first yield moment. As
seen in Fig. 4.17 the cracked moment of inertia, I, gives the most accurate deflection for the CSI-II-
2/20-13-A specimen at the maximum allowable live load. At a design live load of 100 psf the
average of the cracked and uncracked moments of inertia, I, gives a conservative deflection
prediction for the CSI-1I-2/20-13-A specimen. The suggested method proposed by Lamport and

Porter gives the most accurate deflections throughout a typical service load range of up to 100 psf.
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Load vs. Mid Span Deflection
CSI-II-2/20-13-A

Load (psf)

0.2 0.3

Deflection (in)

= Uncracked Mo. of Inertia (ASCE method)

= Cracked Mo. of Inertia (ASCE method)

= Average of Cracked and Uncracked Mo. of Inertia
o1 = ACl equation

ez)~ Lamport and Porter Method

un
cr
av

Figure 4.17 - Stiffness Models, 13ft Air Bladder Tested Specimen

The various deflection models versus the mid-span deflection of a uniformly loaded specimen

as shown in Fig. 4.18. The maximum allowable deflection for this span based on the ratio of (/360 is

0.28 in. The design of a composite slab utilizing 20 gage Versa-Dek with a 2 ft shear span would
result in an allowable live load of approximately 470 psf as per the above reduction of the first yield
moment. As seen in Fig. 4.18 the ACI moment of inertia, L(;), gives the most accurate deflection for
the CSI-11-2/20-9-B specimen at the maximum allowable live load. At the design live load of 100
psf, the average of the cracked and uncracked moments of inertia, I, gives conservative deflection

values for the CSI-11-2/20-9-B specimen.
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Load vs. Midspan Deflection
CSlI-11-2/20-9-B

600
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300

Load (psf)

200 A

100 -

0.00 . . . . . 0.30
Deflection (in)

I, = Uncracked Mo. of Inertia (ASCE method)
I, = Average of Cracked and Uncracked Mo. of Inertia
lery = ACI equation
lezy= Lamport and Porter Method
Figure 4.18 - Stiffness Models, 9ft Air Bladder Tested Specimen

The various deflection models versus the mid-span deflection of a line loaded specimen as

shown in Fig. 4.19. The maximum allowable deflection for this span based on the ratio of /360 is

0.28 in. The design of a composite slab utilizing 20 gage Versa-Dek with a 3 ft shear span would
result in an allowable live load of approximately 980 psf as per the above reduction of the first yield
moment. This value corresponds to a line load of 2.8 kip/ft. As seen in Fig. 4.19 the ACI moment of
inertia, (1), gives an accurate deflection for the CSI-II-2/16-9-B specimen at the maximum allowable
live load. All of the methods give reasonable deflections throughout the typical service load range,

corresponding to line load less than approximately 0.5 kip/ft.
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Load vs. Mid Span Deflection
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o2y = Lamport and Porter method
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Figure 4.19 - Stiffness Model, Line Load Tested Specimen
Based on the above observations, it suggested that the ACI or cracked moment of inertia be
used to predict the deflection of a uniformly loaded composite slab utilizing the Versa-Dek profile at
the ultimate allowable live load. For typical service live loads, the average of the cracked and
uncracked moments of inertia suggested by the ASCE Standard gives conservative deflection values

and is suggested for predicting deflections of uniformly loaded simple spans.

4.3 Observations — Slab Behavior and Strength
4.3.1 General

The evaluation of the Series II simple span tests indicates that the 16 gage specimens
performed better with respect to the theoretical first yield load than 20 gage specimens of equal
lengths. As seen in Table 4.2, some of the 16 gage specimens reached test loads in excess of the
theoretical first yield load while none of the 20 gage specimens did.

To gain an understanding of the performance of the Series Il specimens, we must compare
the results with the general behavior of composite slabs. As suggested by other researchers the

breakdown of composite action in slabs occurs in three phases: 1) adhesion, 2) frictional and
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mechanical, and 3) shear studs (or end restraints). Examination of the strain records from the Series
II simple spans indicates the behavior of the deck at the various stages of composite action.

As each of the specimens was initially loaded, nearly all recorded strains indicated tensile
stresses as load was increased, the expected behavior given that all of the strain gages were located on
the bottom flanges of the deck. During the early load stages, adhesion between the deck and

concrete, provided by a chemical bond, creates a fullly composite section as shown in Fig. 4.20 (1).

Table 4.2 — Series II Test Results

Load (psf)*

SpeCi men et Gtest qtest/qet
CSI-11-2/20-13-A 596 475 0.80
CSI-11-2/20-13-B 596 462 0.78

CSI-11-2/20-9-A 1432 1067 0.75
CSI-11-2/20-9-B 1432 1087 0.76
CSI-11-2/20-7-A 2754 1920 0.70
CSI-11-2/20-7-B 2754 1720 0.62
CSI-11-2/16-13-A 1019 1157 1.14
CSI-11-2/16-13-B 1019 1147 1.13
CSI-11-2/16-9-A 2343 1956 0.83
CSI-11-2/16-9-B 2343 2014 0.86

det = Theoretical first yield load
Jest = Test load
* = Equivalent uniform load
As load increases the chemical bond between the concrete and steel deck is broken and the
longitudinal shear at the concrete/steel interface must be resisted by friction and mechanical means.
The longitudinal shear force at the concrete/steel interface results in vertical force that deflects the
embossments allowing the concrete to override as shown in Fig. 4.20 (2). The deflection of the
embossments typically occurs at the same time as the initiation of end slip. The load causing the

initiation of end slip will be referred to in later sections as gjs.

1, PERFECT BOND . INITIATION OF 3. PROGRESSION OF 4, CRITICAL END
EMBOSSMENT EMBOSSMENT SLIP EXCEEDED
DEFLECTION/ DEFLECTION/
UVERRIDING OVERRIDING

Figure 4.20 - Embossment Overriding
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The deflection of the embossment relative to the flat portion of the bottom flange creates an
area of compression. As seen in Fig. 4.21, SG 3 and SG 4, the strain gages closest to the
embossments, are in compression after the initiation of embossment deflection but SG 1 and SG 2,
located farther from the embossments, are not. For uniformly loaded specimens the embossment
deflection occurs first near mid-span and progresses to the quarter points. This type of behavior has
been noted by other researchers who have postulated that the mechanical bond breaks down first near
the failure crack and then progresses towards the supports (Stark 1979, Patrick and Bridge 1988b).

The closeness of an area relative to the web also appears to influence its behavior. As seen in
Fig. 4.21, SG 2 and SG 3 which are nearer to the web are influenced less by the embossment than SG
1 and SG 4 located near the middle of the bottom flange. This is due to the stiffness provided by the
web.

As the applied load increases the embossment deflection becomes large enough to allow the
concrete to completely override. Defection required for the complete override of embossments
corresponds to a “critical” end slip as shown in Fig. 4.22. For the Series II and III slabs tested the
load causing “critical” end slip, qe, was determined. When the embossments are completely
overridden, the horizontal shear resistance is provided by the end restraints. Because the horizontal
force acting on the embossments becomes small the vertical force exerted on them is greatly reduced.
It is assumed that the decrease in vertical force allows the deck to rebound and begin to return to its
initial shape as shown in Fig. 4.20 (4). This assumption is justified because the compressive strains in

the deck decrease as the load increases beyond that causing critical end slip, as seen in Fig. 4.21.
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Load vs. Quarter Point 1 Strain
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Figure 4.21 - Relationship between strain gage location and deck behavior.

To improve the performance of a composite slab its behavior in two of the previously
mentioned phases; frictional and mechanical, and end restraint must be improved. To increase the
frictional and mechanical resistance of a composite slab the shear-bond between the deck and
concrete must be improved. The increased resistance can increase the overall strength and stiffness of
the slab. Likewise, strengthening the end restraints can increase the performance of the slab after the
frictional and mechanical resistance has been exceeded.

As part of this study, embossments were added to the Versa-Dek profile to increase the shear-
bond between the deck and concrete. The addition of embossments to the bottom flange of the Versa-
Dek profile helped increase the mechanical resistance of the slab.

Following is a discussion of the simple span tests results and the two phases of composite

action that can be improved upon.
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Load vs. Relative End Slip
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Figure 4.22 — Critical End Slip
4.3.2 Mechanical Resistance
As discussed above, composite slabs rely on mechanical resistance from the instant initial end
slip occurs until critical end slip is exceeded. It is during this phase that embossments provide the
means of shear transfer.
For the Series II simple spans tested the loads causing initial end slip, q;s, and critical end slip,

Jes, were determined for each specimen. A summary of these values are shown below in Table 4.3.

Table 4.3 — Series II Loads Causing Initial and Critical Slips

Load (psf)*

SpeCimen Jis Qos qcs/qtest
CSI-11-2/20-13-A 250 385 0.81
CSI-11-2/20-13-B 275 370 0.80

CSI-11-2/20-9-A 551 967 0.91
CSI-11-2/20-9-B 506 960 0.88
CSI-11-2/20-7-A 690 1780 0.93
CSI-11-2/20-7-B 944 1560 0.91
CSI-11-2/16-13-A 450 770 0.67
CSI-11-2/16-13-B 515 771 0.67
CSI-11-2/16-9-A 1240 1920 0.98
CSI-11-2/16-9-B 1250 1890 0.94

gis = Load causing initial end slip
des = Load causing critical end slip
* = Equivalent uniform load
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The results of the Series II simple span tests suggest that deck thickness greatly affects the
performance of composite slabs with embossments. None of the 20 gage Series Il specimens tested
reached the theoretical first yield load while some of the 16 gage Series II specimens did. The
influence of deck thickness on the overall performance of composite slabs is summarized below.

As a re-entrant profile with embossments in the bottom flange is loaded, it behaves like a fullly
composite section until the chemical bond between the concrete and the steel deck is broken. Once
the chemical bond is broken, the longitudinal shear force must be transferred from the concrete to the
deck by the embossment. As the load continues to increase, the vertical component of the
longitudinal shear force starts to push the embossment downward. If the bottom flange is not
sufficiently stiff, the embossment will deflect enough to allow the concrete to override it. However, if
the stiffness of the bottom flange is sufficient, the embossment will not deflect and the section will be
able to develop the tensile strength of the bottom flange. This type of behavior has been noted in
webs by various researchers (Luttrell 1986, Daniels 1988, Wright and Essawy 1997).

Therefore, it is believed that deck thickness of a re-entrant profile with embossments in the
bottom flange affects longitudinal shear resistance because it changes the stiffness of the bottom
flange. The increased longitudinal shear resistance could in turn increase the ductility of the slab, as
was the case with the slabs tested.

It should be noted that in a re-entrant profile, the stiffness of the bottom flanges without
embossments is not important because as the chemical bond between the concrete and steel deck is
broken, there is virtually no horizontal shear resistance provided by the bottom flange and the bottom
flange acts only as flexural reinforcement (Ong and Mansur 1986, Patrick and Bridge 1988b).

It was concluded that if a re-entrant profile with embossments in the bottom flange is to
achieve the desired flexural failure, the stiffness of the bottom flange must be large enough to
development of strength of the bottom flange. With this in mind, the geometry of the embossments in
the Versa-Dek profile were modified to increase the stiffness per ft of length of the bottom flange of
the 20 gage deck to meet that of the 16 gage Series II deck. It was believed that in doing so slabs
utilizing the 20 gage deck will be able to reach the first yield load as the Series II slabs with 16 gage
specimens did.

The per-ft stiffness of the bottom flanges of the Series II 20 gage and 16 gage Versa-Dek
profiles were determined utilizing the commercial cold-formed steel design software CFS. The per-ft
stiffness of the 16 gage Series Il deck was set as the target value for 20 gage and 22 gage decks.

New 20 gage and 22 gage embossments were designed by modifying the existing
embossment spacing, depth, top flat width, and web angle. Several options were developed that

provided a per-ft stiffness of the bottom flange equal to or greater than the tested 16 gage specimen.
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To utilize the same tooling for each deck thickness, the embossments required to reach the desired
stiffness for 22 gage deck are to be placed in each deck thickness. A summary of the options
considered is shown in Fig. 4.23. The most desirable option based on past research and intuition is to
increase the depth of the embossment and create an almost vertical “web” element (Jolly and Zubair
1987, Wright and Essawy 1997). This is effective because it provides the largest obstacle for the
concrete to override while causing the least vertical force acting on the deck. However, as noted by
other researchers the deeper the embossment, the greater the moment at the bottom of the “web”
element. The moment at the base may cause a rotation of deck near the embossment leading to an
overriding of the concrete (Wright and Essawy 1997). Tooling constraints limit the dimensions of
embossments and thus an option with the greatest embossment depth and greatest “web” angle
capable of being produced was developed and then manufactured using a punch and dye to produce

the desired embossments on the existing Versa-Dek profile.
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Figure 4.23 — Embossment Options
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Other embossment patterns proposed for production were conceived with the intention of
decreasing the vertical force transmitted to the deck. Included in these proposed patterns where V-
shaped and cross shaped embossments and lines of two straight embossments. At best, these patterns
only maintained the overall stiffness of the bottom flute and thus were not considered to be viable
options. Also, researchers have observed that the shape of the embossment (V-shaped vs. straight)
has very little effect on the shear strength and that the overall length of rectangular embossments, to a
certain point, increases shear strength (Makelainen and Sun 1998).

It is desired to predict the gain in strength from an increased per-ft stiffness of the bottom
flange. The ratio of the ultimate test live load, gy, to the theoretical live load causing first yield, g,
is probably not an effective measure of the benefits of a stiffer bottom flange. The benefits of
increased stiffness of the bottom flange can probably be quantified most effectively by examining the
ratio of the live load causing critical slip, q.s, to the theoretical live load causing first yield. Once the
critical slip has been exceeded it is believed that most of the shear resistance is provided by the end
constraints. Therefore, the effectiveness of embossment and probably the bottom flange stiffness, is
no longer significant. Thus, the two numbers that give the best indication of the effectiveness of the
bottom flange are the load causing critical end slip and the theoretical load causing first yield.

From Table 4.4 it is evident that when spans of equal length are considered, the load causing
critical end slip was much closer to the first yield load for the 16 gage Series II specimens than for 20
gage Series II specimens. In fact, for CSI-II-2/16-9-A and CSI-11-2/16-9-B the load causing critical
end slip is nearly equal to the theoretical load causing first yield.

Using the ratio of live load causing critical slip to the theoretical live load causing first yield,
Jes 10 qet, the increase in strength due to the added stiffness of the bottom flange was estimated. The
ratio of g to qe for the 13 ft 20 gage Series II specimens is approximately 58 percent, while the ratio
for the 13 ft 16 gage Series Il specimens is approximately 73 percent. Therefore, it was assumed that
the increased bottom flange stiffness of the Series I1I 20 gage deck could increase q.s to 472 pst (0.72
X 656 psf); an increase of approximately 27 percent over the 13 ft 20 gage Series II q.s and
approximately equal to the current gy values for the same specimens. Although this increase of g is
desirable, it was unclear at the time the recommendations were made if this would increase the overall
strength of the composite slab.

Based on the Series III simple span test results, it is clear that the increased bottom flange
stiffness did increase qc for the 13 ft span specimens. The increase in qcs apparently helps to maintain
a higher stiffness throughout a greater portion of the loading as seen in Fig. 4.24. The q. of the 7 ft

span specimens did not increase as a result of the improved embossment.
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Table 4.4 — Summary of Simple Span Test Results

Load (psf)*

SpeCimen Jis Qcs et D360 Gtest qis/DSGO Qis/qet QCs/qet q::s/Qtest qcs/Qis Qtest/qet
CSI-11-2/20-13-A | 250 | 385 | 596 | 235 | 475 | 1.06 | 0.42 | 0.65 | 0.81 1.54 0.80
CSI-11-2/20-13-B | 275 370 596 | 235 | 462 | 1.17 | 046 | 0.62 | 0.80 1.35 0.78
CSI-11-2/20-9-A 551 967 | 1432 | 530 | 1067 | 1.04 | 0.38 | 0.68 | 0.91 1.75 0.75
CSlI-11-2/20-9-B 506 960 [ 1432 | 500 | 1087 | 1.01 | 0.35 | 0.67 | 0.88 1.90 0.76
CSI-11-2/20-7-A 690 | 1780 [ 2754 | 1110 | 1920 | 0.62 | 0.25 | 0.65 | 0.93 2.58 0.70
CSlI-11-2/20-7-B 944 | 1560 | 2754 | 989 | 1720 | 0.95 | 0.34 | 0.57 | 0.91 1.65 0.62
CSI-11-2/16-13-A | 450 770 [ 1019 | 325 | 1157 | 1.38 | 0.44 | 0.76 | 0.67 1.71 1.14
CSI-11-2/16-13-B | 515 771 [ 1019 | 280 | 1147 | 1.84 | 0.51 | 0.76 | 0.67 1.50 1.13
CSI-11-2/16-9-A | 1240 | 1920 | 2343 | 1100 | 1956 | 1.13 | 0.53 | 0.82 | 0.98 1.55 0.83
CSI-11-2/16-9-B | 1250 | 1890 | 2343 | 1100 | 2014 | 1.14 | 0.53 | 0.81 0.94 1.51 0.86
CSI-11-2/20-13-A | 252 | 430 586 198 | 488 | 1.27 | 0.43 | 0.73 | 0.88 1.71 0.83
CSI-111-2/20-13-B | 243 | 432 586 | 209 | 453 | 1.16 | 0.41 | 0.74 | 0.95 1.78 0.77
CSI-I11-2/20-7-A | 484 | 1681 | 2525 | 1000 | 1830 | 0.48 | 0.19 | 0.67 | 0.92 3.47 0.72
CSlI-I11-2/20-7-B 800 | 1724 | 2525 | 1000 | 1830 | 0.80 | 0.32 | 0.68 | 0.94 2.16 0.72

gis = load causing initial end slip CSI-11-2/20-13-A (Il is test series)

Jcs = load causing critical end slip CSI-11-2/20-13-A (20 is gage)

get = theoretical first yield CSI-11-2/20-13-A (13 is span length)

Dago = load at deflection > /360 CSI-11-2/20-13-A (A is specimen designation)
Qiest = Ultimate test load * equivalent uniform load
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Figure 4.24 — Deflection Comparison Series IT and IIT 13ft span specimens
The improved embossments do not appear to affect the overall strength of the composite

slabs, as was postulated. As predicted, the increased q. for the Series III specimens did not exceed
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the qes values of the Series II specimens and thus no appreciable gain in overall strength was
achieved. The Series III test results also indicate that the embossment changes do not affect the onset
of end slip.

The Series III 7ft simple span test results show little benefit, if any, from the improved
embossments, as seen in Fig. 4.25. This may be due to the nature of the shorter spans. In the shorter
specimens, the loads at which initial and critical slip occur are very high and the increased relative
stiffness is not enough to overcome the high vertical load applied to the embossments. In general,
shorter spans are expected to fail due to shear-bond failure and not flexural failure.

The Series III specimens were instrumented with strain gages in the shear spans; all of which
were placed mid way between embossments at the center of the bottom flange as shown in Fig. 4.26.
The strains in deck located in the shear span indicate a similar but more drastic behavior than the
strains recorded near or beyond the end of the shear span. As with the Series Il strains, the Series II1
strains indicate the specimens behave as fullly composite entities until the chemical bond is broken,
signified by loud cracking and popping sounds during testing. Once the chemical bond is broken the
specimen is no longer fullly composite. Cracking of the concrete occurs and the deflection of
embossments begins. As with the Series II specimens, once the deflection of embossments begins,
end slip ensues. Fig. 4.27 shows how the recorded initial end slip coincides with the first compressive

forces in the deck.
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Figure 4.25 — Deflection Comparison Series II and III 7ft span specimens
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It is evident that the embossments in the shear span are stressed much more than the
embossments at the end of the shear span because all recorded strains go into compression. This was
the expected behavior based on observed deflection of embossments in the shear span during the
testing of the Series II and Series III specimens.

Based on these observations, it is assumed that the tension in the deck’s bottom flange is
carried by the stiffener portions of the bottom flange located near the webs. The Series Il strain
records indicated that the areas closer to the webs are less influenced by the deflection of the
embossments.

The behavior at the load points of the Series III simple spans is consistent with the Series II
simple spans. The strains increase in tension until end slip and embossment deflection begin. At
which point, the increase in strain relative to increase in load, decreases. However, once a significant
amount of end slip occurs most the shear transfer takes place in the shear span and the amount of
stress on the embossments beyond the shear span decreases resulting in an increase in tensile stress.

A typical load versus strain at the point of load application is shown in Fig. 4.28.

;

STRAIN GAGE LOCATION
SERIES IT11

Figure 4.26 — Series I1I Strain Gage Location
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Load vs. Strain at 11ft
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4.3.3 End Restraint

Once critical end slip is surpassed, the bulk of the horizontal shear is resisted by the end
restraints. For the simple spans tested the end restraints consisted of stay in place pour stop fastened
with Y4 in. diameter bolts to the support stand at the middle of each bottom flange.

For the slab specimens tested in this study, end slip can not occur unless the compressive
force in the concrete at the end of the slab or the tensile force in the deck exceeds the horizontal shear
strength of the end restraint. For the concrete to move relative to the steel deck the compressive force
in the concrete must exceed the pour stop’s bearing strength causing plowing. For the deck to slip
relative to the end support the bearing strength of the deck must be exceeded. Plowing through either
the pour stop or deck can be crucial, even without complete tear-out, as it can widen the critical crack
enough to cause a flexural failure. A schematic depicting pour stop plowing is presented as Fig.
4.29.

The shear strength of the end restraints is also dependant upon the friction between the
concrete and deck, between the deck and pour and between the pour stop and support. This friction
force should be estimated if a detailed understanding of the end restraints is desired. For this study,
the separate factors contributing to the end restraint are not as important as the overall resistance

provided thus the friction forces will not be discussed.

Figure 4.29 - Pour Stop Plowing
A difference in performance in the end restraint phase of the Series II specimens with varying
deck thicknesses can be seen by comparing the test results for the 20 gage and 16 gage specimens.
As seen in Table 4.5 the Series II 13 ft 16 gage specimens were able to carry a greater percentage of

loads beyond critical slip than the Series II 13 ft 20 gage specimens. However, the shorter spans, 9 ft
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and 7 ft, behaved similar for all of specimens; each failed shortly after critical slip was obtained. This

would suggest that the thickness of the deck has a greater influence on strength in longer spans.

Table 4.5 - Ultimate Test Load versus Critical Slip Load

SpeCi men qtest/QCs
CSI-11-2/20-13-A 1.23
CSl-11-2/20-13-B 1.25
CSI-11-2/20-9-A 1.10

CSI-11-2/20-9-B 1.13
CSI-11-2/20-7-A 1.08
CSlI-II-2/20-7-B 1.10
CSI-I1-2/16-13-A 1.50
CSI-11-2/16-13-B 1.49
CSI-11-2/16-9-A 1.02
CSI-11-2/16-9-B 1.07
CSI-111-2/20-13-A 1.13
CSI-111-2/20-13-B 1.05
CSlI-II1-2/20-7-A 1.09
CSI-111-2/20-7-B 1.06

When the end slip data is examined we can gain a better understanding of the performance of
the slabs in the end restraint phase. The shape of the load versus end slip plot for specimen CSI-II-
2/20-13-A suggests that more plowing occurred through the pour stop than the deck. The symmetry
of the load versus end slip plot for specimen CSI-11-2/20-13-B suggests that a fairly equal amount of
relative end slip resulted from the plowing of the pour stop and the deck. The plots suggest that the
failure of the span was not caused by total tear-out of either the pour stop or deck as the slips do not
exceed the edge distance of either the pour stop or the deck.

The shape of the load versus end slip plots for CSI-1I-2/16-13-A and CSI-II-2/16-13-B
suggest that more plowing occurred through the pour stop than the deck. The plots also suggest that
the failure of the span was not due to total tear-out of either the pour stop or deck.

The end slip of the 13 ft spans appears to widen the critical crack to the point that a
combination shear/bond flexural type failure occurred. This is expected to have been the case based
on observations of the test specimens; buckling of the deck was noted at the critical crack of each
specimen. A schematic of end slip as it relates to the critical crack is presented in Fig. 4.30.

END SLIP

.AA;AYA‘A AT L, E .
. CRITICAL CRACK

Figure 4.30 — End Slip/Critical Crack

68



It would seem that the deck, especially the 20 gage specimens, would be more susceptible to
tear-out than the pour stop given the relative thicknesses and yield strengths. However, it was noted
that as loading increases the slab rotated at the supports. The rotation, and subsequent uplift of the
slab, may cause the head of the bolt to bear on the deck creating a larger bearing area than when the
deck was bearing on the bolt shaft. This increased bearing area causes the deck to be less vulnerable
to tear out than the pour stop. A typical picture of a slab at an exterior support after testing is show in
Fig. 4.31 and a schematic of bolt bearing is presented in Fig. 4.32.

The shape of the load versus end slip plot for CSI-1I-2/20-9-A suggests that more plowing
occurred through the pour stop than the deck and that the slab failed due to the tear-out of the pour
stop. The load versus end slip for CSI-1I-2/20-9-A is shown in Fig. 4.33. The locations of the
potentiometers referenced in Fig. 4.33 are shown in Fig. 4.34. The shape of the load versus slip plot

for CSI-11-2/20-9-B also suggests that an equal amount of end-slip resulted from plowing of the pour

stop and deck; however, CSI-11-2/20-9-B does not appear to have failed because of complete tear-out.
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Figure 4.31 - Typical View of Slab at Support after Test

BOLT HEAD
BEARING INTO
STEEL DECK

Figure 4.32 - Bolt Bearing
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The load versus slip plots for CSI-1I-2/16-9-A and CSI-11-2/16-9-B suggest that once critical
slip was achieved, the pour stop failed in tear-out. This is consistent with the results of the CSI-II-
2/20-9 specimens as the critical slip load was well above that of the 9 ft 20 gage specimens.

It appears that the 9 ft spans which transfer a larger horizontal force into the pour stop after
critical slip than the 13 ft spans, will fail due to plowing or tear-out of the pour stop. Tear-out of the
pour stop was noted in some slabs after testing. The ratios of the ultimate test load versus the load
causing critical slip for the 16 gage and 20 gage are similar suggesting that the performance of shorter
spans is not enhanced by bearing strength or stiffness of the deck.

Examination of the deck slip of the 13 ft Series Il 20 gage and 16 gage specimens indicates
that the bearing strength has some impact on the plowing of the deck and thus the strength of the slab.
The 16 gage specimens did not only prevent end slip more effectively than the 20 gage specimens but
they also had a greater tolerance for end slip, as would be expected. Table 4.6 shows the end slip

values at ultimate load for each of the simple spans tested.

Load vs. End Slip
CSI-1I-2/20-9-A

1200 Deck Plowing Pour Stop Plowing
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Figure 4.33 — Load vs. End Slip
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Figure 4.34 — Plan View of Instrument Layout (Series I1 9ft 20 gage)
Table 4.6 - Series 11 and I1I Simple Span End Slip

End Slip At Ultimate Load (in)

Specimen End Slip 1| End Slip 2| End Slip 3| End Slip 4 Avg. Avg. - Critical
ST 2056 |03 | o35 | s ose] 02 | 020
SHree o oo T o026 | oz
o306 | 02T | 0T7s oz | ojes| 02 | 0080
CSli e 38| ot | 05 | oaim | oass | 047 | o
82:::::512:8:@ — 5556 8:5;3 8:312 0.233 0.092
S o056 | 0205|0308 | oz%s | oper] 020 | 00w
S o50-75 | 0258 | 0375 o | osrr] 0¥ | 0125

Table 4.6 shows that the Series II 13 ft 16 gage specimens were able sustain larger end slips
before failure than the 20 gage specimens of the same length. The shorter Series Il specimens appear
sustain comparable end slips at failure regardless of the deck thickness. These observations lead to
the conclusion that the flexural strength and stiffness of the deck influences the ultimate strength
more for longer spans than for shorter spans. This agrees with the basic assumption that most short

spans will fail due to loss of shear-bond while longer spans may fail in a flexural manner.
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The longer 16 gage specimens reach larger end slips before failure due to the inherent
stiffness and strength of the section. Therefore, in slabs of equal lengths, the slabs using 20 gage
decks will be more likely to fail in longitudinal shear-bond than slabs using 16 gage decks even if the
stiffness of the bottom flanges are equal. This does not mean that specimens using 20 gage decks can
not reach nominal moment strength; as the length of span increases, end slip is limited and specimens
using 20 gage decks will be more likely to reach the nominal strength of the section. Therefore, even
though slabs using 20 gage specimens may not approach the nominal moment strength of the section
for intermediate spans, they could approach it as the span length increases.

The Series II 13 ft 16 gage specimens were probably able to carry a greater percentage of
load beyond critical end slip than the Series I 13 ft 20 gage specimens because of the bearing
strength of the deck and the flexural strength of the section. On the other hand, the relatively high
loads on the end restraints after critical slip in the Series II 9 ft span specimens appear to have

resulted in plowing of the pour stop for both the 20 gage and 16 gage specimens.

4.3.4 Shear Span

Past research suggests that the length of the shear span plays an important role in the behavior
of composite slabs. The shear span of a composite slab is the portion of the slab that transfers shear
from the concrete to the steel deck.

Shear spans were determined for the simple span tests in the following manner. For the 13 ft
span specimens loaded by air bladder, the shear span was determined by locating the critical crack.
The critical crack was located at approximately 4 ft from the end of the slab for each specimen. This
value was deemed reasonable because it is between the suggested design values of total span length
divided by four and total span length divided by three as suggested by various researchers. Shear
spans of the 13 ft span specimens loaded by line load were taken as 4 ft, the distance from the slab
end to point of load application. The point of load application was chosen to give results similar to a
uniformly loaded specimen. Shear spans for the 9 ft slabs loaded by air bladder were determined by
theory to be a third of the total length, a value consistent with the critical cracks on the specimens.
The shear spans for the nine ft slabs loaded by air bladder were also three ft, the distance from the end
of the slab to load application. The shear spans of the 7 ft span specimens were set at 2 ft, the point of
load application.

Slabs with shorter shear spans tend to fail in a shear-bond mode while slabs with longer shear
spans tend to fail in a flexural manner. A transition between the two failure modes results in
combination failures resulting in an increased ratio of test load to theoretical first yield load with

increased shear span. A trend of that nature can be seen by comparing the results of the simple span
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specimens shown in Fig. 4.35. For the 9 ft span specimens, shear span of 3 ft, the ratio of test loads
to theoretical first yield is lower than for the 13 ft span specimens with shear spans of 4 ft.

The ratio of Qs t0 e Was used to determine a reduction factor, K, that will reduce the
theoretical first yield moment, M, to a nominal design moment, M,. The K factor for 20 gage slabs
can be found from the following equation derived by linear regression of eight data points obtained
from the combined Series II and Series Il simple span test results, (CSI-I1-2/20-7-A was not included
in the regression analysis):

K =0.71+0.04(/s-2) < 0.79 for 2ft < /; (Eq. 4.14)
where /,is the length of the shear span in ft

Due to a lack of test data for simple span 20 gage specimens with shear spans greater than 4
ft, an upper limit of K is set at 0.79 for 20 gage simple span Versa-Dek composite slabs.

The K factor for 16 gage slabs can be found from the following equation derived from the
Series II simple span test results:

K= 0.85+0.19(/-2.5) < 1.0 for 2.5 ft </ (Eq. 4.15)
where / is the length of the shear span in ft

An upper limit of K was set at 1.0 for 16 gage simple span Versa-Dek composite slabs.
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Figure 4.35 — q¢est/qet VS. Shear Span Length, Simple Span Tests
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4.3.5 Test Results Embossments versus No Embossments

The simple span tests of Series II and Series III specimens utilizing 20 gage deck performed
better with respect to theoretical first yield than similarly constructed composite slabs utilizing Versa-
Dek tested at Virginia Tech by Widjaja and Easterling (1995). The composite slabs tests reported by
Widjaja and Easterling were constructed differently than the specimens for this study, they were
fastened with welds instead of bolts and were constructed with adjacent spans to simulate field
conditions.

Ratios of the ultimate test load to theoretical first yield load of the specimens tested in the
present and the study reported by Widjaja and Easterling (1995) are shown in Table 4.10. The results
show that the embossments improved the ratio by approximately ten percent. The results also show

that the size of the embossment did little to improve the performance.

Table 4.7— Simple Span Comparison
Widjaja and Easterling (1995)

Specimen Cltest/Qet
CSI-2/21-13-1 0.72
CSI-2/21-13-2 0.67

Present Study
SpeCi men qtest/Qet
CSI-II-2/20-13-A 0.80
CSI-11-2/20-13-B 0.78
CSI-111-2/20-13-A 0.83
CSI-111-2/20-13-B 0.77

4.3.6 Deck Thickness

The ultimate strength of composite slabs constructed with Versa-Dek appears to be
influenced by the deck thickness, as discussed above. This behavior is also shown by analyzing the
results of a previous study of composite slabs constructed with Versa-Dek performed by Luttrell
(1992). As shown in Fig. 4.36 the ratio of test strength to predicted strength increases with deck
thickness. Therefore, it is suggested that deck thickness not only increases the performance of slabs
with embossments by increasing the stiffness of the bottom flange but also by increasing the

interaction in other ways.
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test/predicted Strength vs. Deck Thickness
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Figure 4.36 — test/predicted Strength vs. Deck Thickness
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Chapter 5 - Continuous Slab Results

5.1 Continuous Span Test Results — Series I and 111
5.1.1 Series I Results

A brief summary of the results of the Series I 20 gage continuous slabs comprised of two 20
ft deck spans are summarized below. A complete presentation of the test results is included in
Appendix A.

The test loads of for the Series I specimens were applied uniformly over a 10 ft section on
each span by air bladders. The pressure in the bladders was increased simultaneously to keep an

equal load on each span. Diagrams showing the test set-up are presented in Appendix A.

5.1.1.1 CSI-1-2/20-20c-A
The load vs. deflection plots show that the system behaved almost linearly, suggesting a

fullly composite section, until a load of approximately 125 psf was reached as shown in Fig. 5.1 and
Fig. 5.2. Because no cracks on the side of the slab were noted until a later load stage it is believed
that the nonlinearity of the system indicates the loss of chemical bond between the concrete and steel
deck.

Hairline cracks over the interior support were noted after removal of shoring. The first cracks
on the slab sides were noted near mid-span and the interior support at a load of approximately 180
psf. These cracks propagated and widened throughout the test. Numerous other cracks developed
throughout the test. Test notes indicating cracks and the corresponding loads and pictures indicating
the locations of the cracks as well as a crack layout diagram are attached in Appendix A.

The maximum load carried by the specimen was approximately 320 psf, and the system was
able to develop a ductile plateau. The first yield load, found as presented in a later section, for this
specimen was 431 psf. The ratio of g to g Was 0.74.

The deflections at maximum load were 3.32 in. and 3.29 in. at the mid-spans of each slab,
2.73 in. and 2.70 in. at the quarter points nearest to the end supports, and 1.48 in. and 1.50 in. at the
quarter points closest to the interior support. It should be noted that the MS2 2 wire pot reached its
deflection limit before the completion of the test.

The first recorded end-slip occurred at a test load of approximately 200 psf. The relative end-
slip gradually increased to 0.24 in. at the maximum test load. At the initiation of end slip the strains
recorded at one ft from the exterior supports became nonlinear and jumped dramatically. It should be
noted that potentiometers number 4 and 5 slipped from their targets as the deflection of the slab

became large.
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Load vs. Mid Span 1 Deflection/End Slip
CSI-1-2/20-20c-A
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Figure 5.1 — CSI-1-2/20-20c-A — Load vs. Mid-span 1 Deflection / End Slip
Load vs. Mid Span 2 Deflection/End Slip
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Figure 5.2 — CSI-1-2/20-20c-A — Load vs. Mid-span 2 Deflection / End Slip
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5.1.1.2 CSI-1-2/20-20¢-B

Test results show that the system behaved almost linearly until a load of approximately 100
psf was reached as shown in Fig. 5.3 and Fig. 5.4. As with CSI-1-2/20-20c-A, because no cracks on
the side of the slab were noted until a later load stage it is believed that the nonlinearity of the system
indicates the loss of chemical bond between the concrete and steel deck.

Hairline cracks were noted over the interior support after removal of shoring. The first cracks
near mid-span were noted at a test load of approximately 145 psf. These cracks propagated and
widened throughout the test. Numerous other positive and negative moment cracks developed
throughout the test. Test notes indicating cracks and the corresponding loads and pictures indicating
the locations of the cracks as well as a crack layout diagram are attached in Appendix A.

The maximum load carried by span 1 of the specimen was 400 psf, and the system was able
to develop a ductile plateau. The first yield load for this specimen was 457 psf. The ratio of qes t0 Qe
was 0.88.

The deflections at maximum load were 3.45 in. at mid-span 1 and 4.38 in. at mid-span 2, 2.77
in. and 3.73 in. at the quarter points nearest to the end supports, and 1.58 in. and 2.13 in. at the quarter
points closest to the interior support. It should be noted that the MS1 1 wire pot did not function
properly during the test so is not included in the attacked figures.

The first recorded end-slip occurred at a test load of approximately 267 psf. The relative end-
slip gradually increased to a maximum of 0.19 in. at maximum load. At the initiation of end slip the
strains recorded at one ft from the exterior supports became nonlinear and jumped dramatically. It
should be noted that potentiometer number 5 did not function properly and potentiometer 8 slipped

from its target as the deflection of the slab became large.

78



Load vs. Mid Span 1 Deflection/End Slip
CSI-1-2/20-20c-B
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Figure 5.3 — CSI-1-2/20-20¢-B — Load vs. Mid-span 1 Deflection / End Slip

Load vs. Mid Span 2 Deflection/End Slip
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Figure 5.4 — CSI-1-2/20-20c-B — Load vs. Mid-span 2 Deflection / End Slip

79



5.1.2 Series II1 Continuous Span Results

A brief summary of the results of the Series III 20 gage continuous slabs comprised of two
20ft deck spans are summarized below. A complete presentation of the test results is included in
Appendix D.

The test loads for the Series Il specimens were applied by line loads placed at 6 ft from the
ends of each span. The loads applied to the two spans were increased in tandem to maintain equal

loads. Diagrams showing the test set-up are presented in Appendix D.

5.1.2.1 CSI-III-2/20-20c-A

Negative moment cracks on the sides of the slab and hairline cracks over the interior support
were noted at the first load stage at a test load of 0.19 kip/ft. The first positive moment cracks near
mid-span were noted at a test load of approximately 0.82 kip/ft. These cracks propagated and
widened throughout the test. Numerous other positive and negative moment cracks developed
throughout the test. Test notes indicating cracks and the corresponding loads and pictures indicating
the locations of the cracks as well as a crack layout diagram are attached in Appendix D.

The maximum load carried by the specimen was 2.57 kip/ft, and the system was able to
develop a ductile plateau. The first yield load for this specimen was 2.69 kip/ft. The ratio of Qs to
get Was 0.96, see Fig. 5.5 and Fig. 5.6.

The deflections at maximum load were 6.31 in. at mid-span 1 and 5.87 in. at mid-span 2, 6.80
in. and 6.44 in. at 6 ft from the exterior supports, and 3.79 in and 3.51 in at 6 ft from the interior
support. The first recorded end-slip occurred at a test load of approximately 1.2 kip/ft. The relative

end-slip gradually increased to a maximum of 0.39 in. at maximum load.
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Load vs. Deflection at 10ft/End Slip
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Figure 5.5—- CSI-I11-2/20-20C-A — Load vs. Deflection at 10ft/End Slip

Load vs. Deflection at 30ft/End Slip
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Figure 5.6 — CSI-111-2/20-20C-A — Load vs. Deflection at 30ft/End Slip

81



5.1.2.2 CSI-I11-2/20-20c-B

Negative moment cracks on the sides of the slab and hairline cracks over the interior support
were noted at the first load stage at a test load of 0.48 kip/ft. The first positive moment cracks near
mid-span were noted at a test load of approximately 0.69 kip/ft. These cracks propagated and
widened throughout the test. Numerous other positive and negative moment cracks developed
throughout the test. Test notes indicating cracks and the corresponding loads and pictures indicating
the locations of the cracks as well as a crack layout diagram are attached in Appendix D.

The maximum load carried by span 1 of the specimen was 2.27 kip/ft, and the system was
able to develop a ductile plateau. The first yield load for this specimen was 2.69 kip/ft. The ratio of
Jrest t0 et Was 0.84, see Fig. 5.7 and Fig. 5.8.

The deflections at maximum load were 3.94 in. at mid-span 1 and 4.33 in. at mid-span 2, 4.21
in. and 4.65 in. at 6 ft from the exterior supports, and 2.33 in. and 2.51 in. at 6 ft from the interior
support. The first recorded end-slip occurred at a test load of approximately 0.5 kip/ft. The relative

end-slip gradually increased to a maximum of 0.63 in. at failure.

Load vs. Deflection at 10ft/End Slip
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Figure 5.7 — CSI-111-2/20-20C-B — Load vs. Deflection at 10ft/End Slip
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Load vs. Deflection at 30ft/End Slip
CSiI-llI-2/20-20C-B
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Figure 5.8 — CSI-I11-2/20-20C-B — Load vs. Deflection at 30ft/End Slip

5.2 Continuous Span Strength and Stiffness Formulations
5.2.1 Section Properties

To predict the strength of the composite slabs the properties of the steel and composite
sections had to be determined. Section properties of the steel deck were calculated using the
measured profile dimensions. The area of steel per ft, the full section moment of inertia per ft and the
centroid of full section were found in accordance with the AISI Cold-Formed Steel Design Manual.

The distance from the neutral axis of the composite section to the top of the slab for the
uncracked and cracked composite sections in positive bending and moments of inertia for the
uncracked and cracked composite sections in positive bending were calculated in accordance with
Appendix B of the ASCE Standard for the Structural Design of Composite Slabs. The distance from
the neutral axis of the composite section to the bottom of the slab for the uncracked and cracked
composite sections in negative bending and moments of inertia for the uncracked and cracked
composite sections in negative bending were calculated by transforming the negative moment
reinforcing to a transformed area and neglecting any compressive strength of the steel deck. It is
assumed that when steel deck is discontinuous, as was the case over the interior support of specimens

tested, it does not contribute to the negative moment flexural resistance. For the negative bending
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moments of inertia the shape of the concrete in compression was simplified by assuming a rectangular
shape rather than the trapezoidal shape actually present. The simplified shape was assumed to be

acceptable based on the methods of calculation present in the ASCE Standard.

5.2.2 Strength Analysis Procedure

The first step in the analysis of the composite slabs was to determine the reaction forces in the
shoring due to the casting of the slabs. All of the continuous specimens consisted of deck spans
continuous over lines of shoring at the third points of the clear span. The dead load at casting was
assumed to be 72.7 psf. The dead load conservatively assumes a concrete weight of 150 pcf and also
assumes a deck weight of 2.7 psf as given in the CSI catalog. The assumed dead load does not include
additional concrete due to deflection of the deck.

During shoring removal, the slab was assumed to be continuous over the interior support
because the design strength of the concrete was exceeded. The moments due to the removal of the
shoring were calculated at numerous points along the length of the slab.

The maximum moment required to reach first yield, M., was calculated according to the
Appendix D method of the ASCE Standard for the Structural Design of Composite Slabs. The
moments due to the shoring removal were subtracted from the first yield moment to determine the
moment strength available for live loads.

The live load required for first yield was calculated three times, each time assuming different
boundary conditions at the interior support. For the first case the live load required to reach first yield
was calculated by elastic analysis assuming that the interior support was a pin.

For the second case a plastic analysis was performed. The live load required to reach first
yield was calculated assuming the interior support behaves as a fixed restraint until the nominal
moment strength of the negative moment region is reached and then behaves as a plastic hinge
throughout the remainder of the loading. The nominal negative moment flexural strength for the slab
was calculated in accordance with the ACI flexural model for reinforced concrete beams neglecting
any contribution of the steel deck.

For the calculation of the negative moment strength, the geometry of the concrete below the
top of the steel deck was simplified by assuming a rectangular concrete void rather than the actual
keystone concrete void created by the re-entrant steel deck profile. An iterative process with an
assumed compressive depth was used to determine the width of the rectangular void.

The nominal clear cover of the negative moment reinforcing bars was set at % in. utilizing
threaded rod spanning the width of the slab and reinforcing chairs. However, inspection of the first
specimen after testing revealed that the bars had lowered during casting. An actual clear cover of up

to 1-5/8 in. was measured.
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In an attempt to prevent the reinforcing bars of the second specimen from lowering during
casting, additional threaded rods and reinforcing chairs were installed. However, the average clear
cover measured at the interior support of the second specimen was approximately 1-1/4 in. For the
Series III continuous specimens chairs were utilized that successfully prevented the rebar from
lowering during casting. For all specimens, the clear distances to the negative moment reinforcement
bars as measured after testing were used to determine the nominal negative moment flexural strength.

The actual loads, 10 x 6 ft loaded area for Series I and line loads for Series III, required to
reach the nominal flexural strength of the negative moment region was calculated assuming a fixed
restraint condition. The moments resulting from this live load were calculated at numerous points
along the slabs length. These moments were subtracted from the moment strength available for live
loads find the moments required beyond plastification of the interior support to cause first yield of the
steel deck. The live load required beyond plastification of the interior support was then found by
simple span analysis.

The live load required to cause first yield, g, was then found by adding the live load causing
plastification of the interior support and the live load required beyond plastification. The g values
shown on the mid-span deflection graphs are the values found from case II.

For the third case, the live load required to reach first yield, q., was calculated by elastic
analysis assuming the interior support behaves as a fixed restraint throughout the entire loading
procedure. This is not realistic for the slabs tested since the reinforcing bars yielded during loading
thus creating a plastic hinge at the interior support. A summary of the models used during the various

stages and cases is shown in Fig. 5.9.

5.2.3 Stiffness Formulations

The varying moments of inertia along the slab’s length required that an average be assumed
for the stiffness formulations. The “average” moment of inertia was found for two cases, uncracked
and average of the uncracked and cracked, using Eq. 5.1. Equation 5.1 was adopted from an equation
suggested by MacGregor (1997) for one end continuous reinforced concrete beams.

average [ = 0.85I,55 +0.15] ¢, (Eq. 5.1)

where I, is the moment of inertia in the positive bending region and I, is the moment of
inertia in the negative bending region.

The average I was used to determine the stiffness of the composite slab for the various
loading conditions. For the Series I specimens loaded by air bladder, a mid-span deflection equation
was formulated using the moment area method. For the Series III specimens loaded by line load, a

deflection equation was formulated using superposition of two line loaded beams.
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The stiffness lines on the mid-span load versus deflection plots correspond to the uncracked

moment of inertia, I, and average of uncracked and cracked moments of inertia, I, cases.
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Figure 5.9 - Models Used for Various Stages and Cases
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5.3 Observations
5.3.1 Series 1

The Series I specimens provide insight into the behavior of continuously constructed
composite slabs. The strains recorded at various points along the span of both Series I continuous test
specimens indicate a progressive breakdown of the chemical bond, signified by the nonlinearity of the
strains as shown in Fig. 5.10. The breakdown of the chemical bond appears to occur first near mid-
span as the load-strain relationship becomes non-linear at a load of approximately 125 psf for
specimen A. The bond breakdown seems to progress towards the exterior supports as the load-strain
relationship at the quarter point located nearest the exterior supports becomes non-linear which
occurred at a load of approximately 150 psf for specimen A. The strains near the interior and exterior
supports show a nearly linear relationship until end slip initiates at a load of approximately 200 psf as
shown in Fig. 5.1 and Fig. 5.2. As load increases beyond initial end slip, a non-linear relationship
develops until failure. The strains at various points along span 1 of CSI-1-2/20-20C-A are shown in

Fig. 5.10. The locations of the lines of strain gages referenced in Fig. 5.10 are shown in Fig. 5.11.

Load vs. Strain
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Figure 5.10 - CSI-1-2/20-20C-A - Load vs. Strains Along Span 1 Length
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Figure 5.11 — Strain Gage Location, Series I, Span 1

The strains near the interior support indicate that the deck was in compression until initial end
slip, 200 psf, after which the compressive stresses increase until a load of approximately 250 psf then
reduce until they go into tension. It is assumed that the rebar yields at a load of approximately 250
psf, the load at which the deck strains measured 1 ft from the interior support go into tension. The
nearly equal strains near the exterior and interior supports at the end of the test, as seen in Fig. 5.12,
indicate that the specimen is behaving as a simply supported slab once the rebar has yielded.

The results of the Series I tests indicate an improved behavior over similarly constructed
simple span tests performed at Virginia Tech on composite slabs utilizing the Versa-Dek profile. The
previous tests, consisting of simple spans with adjacent spans at the interior, reached test loads
averaging approximately 70 percent of the theoretical strength while the Series I tests loads averaged
81 percent of the theoretical strength. The improved behavior is likely a combination of the

continuous construction and increased shear span of the Series I specimens.
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Strain Variation
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Figure 5.12 — CSI-1-2/20-20C-A - Strain Variation Along Span

5.3.2 Series 111

The Series III continuous span results give results similar to those of the Series III simple
span specimens. As with the simple span results, the strains in the shear span go into compression as
the end slip initiates, indicating deflection of the embossments. The strains at the exterior load points
and mid-spans show behavior similarly to the strains in the simple span specimens at the same
locations. The strains at the load point increase in tension throughout the test and the mid-span strain
stays very small throughout the loading as seen in Fig. 5.13. The strain history does show that the
system behaves as a continuous slab until the rebar yields at approximate applied live loads of 1.5
kip/ft to 1.9 kip/ft, as shown in Fig. 5.14. Once the rebar yields, the deck strains near the interior
support go into tension signifying a hinge condition at the interior support, as was the case with the

Series I continuous specimens.

89



/4 Strain

Load (kip/ft)

Strain Variation
CSI-111-2/20-20C-A

1000
800 -
—e— 0.73,0.72 k/ft
600 - —O— 1.74,1.72 kit
—v— 2.16,2.13 k/ft
—— 2.32,2.30 kit
400 | —m— 2.48,2.45 k/ft
—0— 2.57,2.53 kit
200 A
O .
-200 A
‘400 T T T T T T T
0 5 10 15 20 25 30 35 40
Span, ft
Figure 5.13 - CSI-111-2/20-20C-A - Strain Variation Along Span
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Figure 5.14 — CSI-I11-2/20-20C-A — Rebar Strains at Interior Support
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A behavior unique to the Series III continuous span specimens is seen at the areas between
the interior load point and the interior supports. As would be expected, the strains at the interior point
load increase in tension as the load is increased. However, as the embossments start to deflect, the
increase in load produces less of an increase in strain. When the rebar has completely yielded, at a
load of approximately 2 kip/ft, the deck strains start to go into compression as seen in Fig. 5.15. As
the load is removed, the strains go into compression signifying partial overriding of the embossments.

In the area between the interior point load and the interior support, the deck strains behave as
would be expected for a continuous slab, the deck strains increases in compression until a hinge is
formed and then the strains go into tension as seen in Fig. 5.16. This behavior suggests that span
blocking prevents concrete moment between the interior line load and the interior support. The
concrete can not move relative to the steel deck so the embossments do not deflect. Without
deflection of the embossments, the bottom flanges between the interior line load and interior support
stay in tension rather than going into compression, as the bottom flanges in the shear span do, see Fig.

5.13 and Fig. 5.16.

Load vs. Strain at 14ft
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Figure 5.15 - CSI-111-2/20-20C-A — Load vs. Strain at 14 ft
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Load vs. Strain at 23ft
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Figure 5.16 - CSI-111-2/20-20C-A — Load vs. Strain at 23 ft

Examination of the embossments after testing gives an indication of the behavior of slab.
The embossments typically are deflected out of the plane of the bottom flange to varying degrees. In
the shear span, an arch appears between two adjacent embossments as a result of the deflection. The
areas beyond the shear span show less deflection and areas near the interior support show little, if any,
deflection. A typical deflected embossment located in the shear span is shown in Fig. 5.17.

The embossments just inside the interior most point of the shear span are typically not
deflected like the other embossments. Instead, these embossments were noted to have nearly
completely flattened during testing. The flattening is believed to be the result of the high tension and
longitudinal shear forces at that location. A picture of a typical flattened embossment is shown in
Fig. 5.18.

The Series III continuous specimens showed significant increases in test versus theoretical
strengths when compared to the Series III simple span specimens. The improved behavior is most
likely a result of both the continuity and increased shear span of the continuous specimens.

As seen in Fig. 5.19 the increase in shear span appears to increase the ratio of tested to
theoretical strength. The shear span for the continuous slabs loaded by line load were set at 6 ft, a
value between the suggested values of one fourth and one third of the total span length. The 6 ft
value was chosen so the load could be applied directly above deck instrumented with strain gages as it

was desired to better understand the noted flattening of embossments near the point load in the Series
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IT simple spans. Placing strain gages at the third point would not have desirable but was not done
because of the shoring requirements. Strain gages can not be placed in a location to be shored as the
gages would be crushed. It was determined to match typical field conditions the shoring points

should not be moved from the third points.

SECTION OF EMBOSSMENTS

w

SECTION OF DEFLECTED EMBUSSMENTS

SECTION OF

Figure 5.18 - Typical Flattened Embossment
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The ratios of test live loads to theoretical first yield live loads for the various shear spans
included in Series II Series I1I indicate that the longer spans tend to approach the first yield moments.
The increased performance is most likely due to a combination of the longer shear span and the
continuous construction, but there does appear to be a linear relationship between the qs/qet ratio to
shear span length.

O/t VS- Shear Span Length
Series Ill and Series |l
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® Series Il [ )
0.95 1 O Series Il 20G
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Shear Span (ft)

Figure 5.19 - qest/qet vS- Shear Span Length, Series 111

The ratio of Qs t0 e Was used to determine a reduction factor, K, that will reduce the
theoretical first yield moment, M., to a nominal design moment, M,. Because the simple and
continuous span results showed a nearly linear relation, both the simple span and continuous results
were used determine a K factor. It is believed that the simple span results may give conservative K
values for the shorter shear spans but without data for continuous slabs with various shear spans, they
were used. The K factor for 20 gage slabs continuously constructed can be found from the following
equation derived by linear regression of ten data points obtained from the combined Series II and
Series III test results, (CSI-I1-2/20-7-A was not included in the regression analysis):

K =0.71 +0.05(/-2) < 0.91 for 2ft </ (Eq. 5.2)

where /,is the length of the shear span in ft
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Without any data points for shear spans greater than 6 ft, an upper limit K value of 0.91 was
set for 20 gage continuous span composite slabs.

Due to the fact that no 16 gage continuous specimens were tested, the K values for 16 gage
continuous span composite slabs should be found in accordance with Eq. 4.15.

There was an unexpected difference in ultimate test loads between the two Series III
continuous specimens. It is believed that the camber of the Series III specimens may have
contributed to the variation in the test results. As with the simple span Series III decks, the 20 ft deck
panels were severely cambered due to the production of the embossments.

For the CSI-111-2/20-20C-A specimen, the camber was partially removed by applying a load
to the mid-span after all of the panels were fastened together before the pour stop was fastened. This
removed some of the camber but a large amount remained.

For the CSI-III-2/20-20C-B specimen, the camber was totally removed from each of the
exterior panels individually before the pour stop was fastened. Then the panels were positioned for

fastening and the camber of the unfastened panels was removed before the panels were fastened. The

removal of the camber in effect reduced a pre-stressed condition that added strength to the slab.

Pictures of the camber of CSI-111-2/20-20C-B is shown in Fig. 5.20 and Fig. 5.21.

Figure 5.20 — Typical View of Camber of Figure 5.21 — Typical Close-Up View of
Series III Continuous Specimen Camber of Series III Continuous Specimen

5.3.3 Performance of Series I versus Series 111

Comparing the Series I and Series 111 continuous span test results shows improvement in the
average (ues/Jer for the Series III specimens over the Series I specimens. The results show that the
Series I specimens failed much sooner after initial slip, q;, than the Series III specimens, as seen by
the ratio of qis/qwes. The ratio of critical slip, g, to ultimate test load shows the Series III specimens

failed shortly after the critical slip value was reached.
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To compare the results of the Series I and Series III specimens directly, an equivalent
uniform load for each specimen was determined. The equivalent uniform load was determined by
equating the positive moment for each test set-up after yielding of the rebar by assuming a simply
supported beam. The results show that the Series III specimens performed much better than
the Series | specimens. The results also show that the Series III specimens rebar yielded at a higher
load than the Series I specimens. The equivalent uniform load comparison of the Series I and Series
III continuous spans is shown in Fig. 5.22 and Fig. 5.23. Due to the difficulty in predicting the
rotational resistance provided by the negative moment reinforcing once the rebar began yielding, the
equivalent uniform loads were determined for the loads applied after a plastic hinge formed over the
interior support. Once the plastic hinge developed, the two spans were assumed to be simply

supported.

Table 5.1 — Test Results

Load*
SpeCimen Qis Qes Qet D360 Qtest qis/D360 Qis/qet qcs/qet qcs/qtest QCS/Qis qis/qtest qtest/qa
CSI-111-2/20-20C-A| 1.06 | 2.3 | 268 [ 0.97 | 2.57 | 1.09 | 0.40 | 0.86 [ 0.89 2.2 0.41 0.96
CSI-111-2/20-20C-B| 0.49 | 2.08 | 267 [ 08 | 227 | 061 | 0.18 | 0.78 | 0.92 4.2 0.22 0.85
CSI-1-2/20-20C-A | 225 - 431 178 320 | 1.26 | 0.52 -- - - 0.70 0.74
CSI-1-2/20-20C-B | 267 —— 457 | 213 | 400 | 1.25 | 0.58 -— — —— 0.67 0.88
* actual test loads - Series Il kip/ft, Series | psf

Load vs. Span 1 Mid Span Deflection
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Figure 5.22 — Load vs. Span 1 Mid-span Deflection, All Continuous Specimens
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Equivalent Uniform Load (psf)

Load vs. Span 2 Mid Span Deflection
Continuous Specimens Comparison
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Figure 5.23 — Load vs. Span 2 Mid-span Deflection, All Continuous Specimens
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Chapter 6 - Summary, Conclusions and Recommendations
6.1 Summary

This project develops the Versa-Dek profile and analyzes the results of composite slab tests.
The project included testing of full scale composite slabs at Virginia Tech. The full scale composite
slabs were constructed to represent typical slabs in concrete structures

The objectives of the study were to improve the performance of composite slabs constructed
with the Versa-Dek profile while investigating the effects of continuous construction and profile
improvements. The objectives were achieved through the development of the profile and three Series
of load tests, each consisting of a different Versa-Dek profile. Series I included the construction and
testing of two continuous 40 ft slabs constructed with the present Versa-Dek steel deck panels. Each
of the Series I specimens was constructed with 20 gage deck panels. Series II included the
construction and testing of simple spans constructed with embossed Versa-Dek with variable deck
gage and span length. Series III included the construction and testing of continuous and simple spans
of various lengths constructed with a second embossed Versa-Dek. Each of the slabs in Series I1I was
constructed with 20 gage deck panels.

The test results of all three Series were analyzed using the Appendix D method of the ASCE
Standard for the Structural Design of Composite Slabs. The method sets the first yield of the extreme
fiber as the flexural limit state of the composite slab. Each profile change made during the course of
this study was made in an attempt to improve the performance of the composite slabs in relation to

the theoretical first yield moment.

6.2 Conclusions

The simple span tests of Series II and Series III specimens utilizing 20 gage deck performed
better with respect to theoretical first yield than similarly constructed composite slabs utilizing Versa-
Dek tested at Virginia Tech by Widjaja and Easterling (1995). The ratios of the ultimate test load,
Jrest, to theoretical first yield load, g, of the specimens tested in the present study and those reported
by Widjaja and Easterling (1995) are presented in Table 6.1. The results show that the embossments
improved the ratio by approximately ten percent. The results also show that the size of the
embossment did little to improve the performance.

Based on the 20 gage simple span results, it seems that the ultimate strengths of the simple
span slabs utilizing 20 gage Versa-Dek are determined more by the end conditions than the size of the
embossments. However, the Series III 13 ft span specimens with the improved embossments appear

to have a greater stiffness throughout the test than the Series II 13 ft span specimens.
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Table 6.1 — Simple Span Comparison

Widjaja and Easterling (1995)
Specimen Gtest/Get

CSI-2/21-13-1 0.72 |Avg. = 0.695
CSI-2/21-13-2 0.67
Present Study
Specimen Gtest/ et
CSI-11-2/20-13-A | 0.80 |Avg.= 0.79

CSI-11-2/20-13-B | 0.78
CSI-111-2/20-13-A | 0.83
CSI-11-2/20-13-B | 0.77

Table 6.2 shows that the Series II simple spans utilizing 16 gage decks performed better with
respect to the theoretical first yield load than the specimens utilizing the 20 gage decks. The average
ratio of test load versus theoretical load for the 20 gage 13 ft span specimens is 79 percent while for
the 16 gage 13 ft span specimens the average ratio is 1.13. The average ratio of test load versus
theoretical load for the 20 gage 9 ft span specimens is 73 percent while for the 16 gage 9 ft span
specimens the average ratio is 85 percent. It is concluded that if deck panels contain embossments in
the bottom flange, the per foot moment of inertia along the length of the bottom flange is important to

the overall performance of the composite slab.

Table 6.2 — Gage Comparison

Specimen Gtest/Jet
CSI-11-2/20-13-A | 0.80 |Avg.= 0.79
CSI-I1-2/20-13-B | 0.78
CSI-llI-2/20-13-A | 0.83
CSI-llI-2/20-13-B | 0.77
CSI-I-2/16-13-A | 1.14 |Avg.
CSII-2/16-13B | 1.13
CSII-2720-9-A | 0.75 |Avg. = 0.75
CSI-11-2/20-9-B 0.76
CSlI-11-2/16-9-A 0.83 |Avg.= 0.85
CSI-11-2/16-9-B 0.86

1.13

The results of the simple span specimens show that performance improves with shear span
length for both the 20 gage and 16 gage specimens.

The continuous span tests of Series I and III showed marked improvements with respect to
the theoretical first yield load over the simple span tests conducted on specimens utilizing 20 gage
decks. Two factors contribute to the improved strength: the longer shear spans of the continuous
specimens and continuity. The contributions of each are not able to be quantified but the overall

gains are significant.
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The Series III continuous spans, constructed with Versa-Dek with embossments, performed
better with respect to the theoretical first yield load than the Series I continuous spans, constructed
with Versa-Dek without embossments, as seen in Table 6.3. The performance difference needs to be

investigated further as the camber may have contributed to the differences.

Table 6.3 — Continuous, embossment vs. no embossment

Specimen Gtest/ et
CSI-111-2/20-20C-A| 0.96 |Avg.
CSI-Il1-2/20-20C-B| 0.85
CSI-1-2/20-20C-A | 0.74 [Avg.= 0.81
CSI-1-2/20-20C-B | 0.88

0.90

Based on the simple span test results of specimens tested with the air bladder, it is suggested

that the shear span for uniformly loaded simple spans be taken as 1/3 the clear span.

6.3 Recommendations
The recommendations made herein are divided into three areas: design recommendations,

profile development recommendation and end restraint recommendations .

6.3.1 Design Recommendations

Based on the results of the Series II and III simple span tests the nominal moment strength of
simple span composite slabs constructed with the improved Versa-Dek profile should be calculated as
follows.

The theoretical first yield moment strength, M, should be calculated in accordance with the
ASCE Appendix D method or the SDI method. The theoretical first yield moment should be reduced
by a K factor. The K factor for 20 gage slabs is found from the following equation derived from the
combined Series II and Series III simple span test results:

K =0.71 + 0.04(/-2) < 0.79 for 2ft </,
where / is the length of the shear span in ft

Due to a lack of test data for simple span 20 gage specimens with shear spans greater than 4
ft, an upper limit of K is set at 0.79 for 20 gage simple span Versa-Dek composite slabs.

The K factor for 16 gage slabs is found from the following equation derived from the Series
II simple span test results:

K=0.85+0.19(/-2.5) < 1.0 for 2.5 ft </
where /,is the length of the shear span in ft

An upper limit of K was set at 1.0 for 16 gage simple span Versa-Dek composite slabs.
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Based on the above criterion Table 6.4 was formulated. In developing Table 6.4 the
following assumptions were made: shear span is 1/3 of the clear span, a superimposed dead load of
10psf will be present, and a ¢ factor of 0.85. It should be noted that Table 6.4 was developed based
only on the flexural strength determined from the design equations presented in this report.

Deflection limitations are not included in Table 6.4.

Table 6.4 — Allowable Live Loads, Simple Spans
Allowable Live Load (psf)

Third Point Shoring Quarter Point Shoring
Clear Span 5= K 40ksi 50ksi 40ksi 50ksi

(ft) (ft) 20 Gage | 16 Gage | 20 Gage | 16 Gage | 20 Gage | 16 Gage | 20 Gage | 16 Gage | 20 Gage | 16 Gage
8 3.08 0.753 0.947 473 1006 607 1273 470 1003 604 1269
9 3.42 0.767 1.013 369 841 476 1067 366 838 473 1064
10 3.75 0.780 1.080 294 718 382 913 290 715 379 910
11 4.08 0.790 1.000 236 535 310 684 233 532 307 681
12 4.42 0.790 1.000 189 440 251 565 186 437 248 562
13 4.75 0.790 1.000 152 366 205 472 149 363 202 469
14 5.08 0.790 1.000 123 307 168 399 120 304 165 396
15 5.42 0.790 1.000 99 259 139 340 96 256 136 336
16 5.75 0.790 1.000 80 221 115 291 77 218 112 288
17 6.08 0.790 1.000 64 188 95 251 61 185 92 248
18 6.42 0.790 1.000 51 162 78 217 48 158 75 214
19 6.75 0.790 1.000 39 139 64 189 36 136 61 186
20 7.08 0.790 1.000 30 119 52 164 27 116 49 161
21 7.42 0.790 1.000 21 102 42 143 18 99 39 140
22 7.75 0.790 1.000 14 88 33 125 11 85 30 122
23 8.08 0.790 1.000 8 75 25 109 5 72 22 106
24 8.42 0.790 1.000 2 64 18 95 61 15 92
25 8.75 0.790 1.000 54 12 83 51 9 80
26 9.08 0.790 1.000 46 6 72 42 3 69
27 9.42 0.790 1.000 38 2 63 35 59

* assumes 5" bearing
Based on the results of the Series III continuous span tests the nominal positive moment

strength of continuous composite slabs constructed with the improved Versa-Dek profile should be
calculated as follows. The theoretical first yield moment strength, M, should be calculated in
accordance with the ASCE Appendix D method or the SDI method. The theoretical first yield
moment should be reduced by a K factor. The K factor for 20 gage continuous span composite slabs
can be found from the following equation derived from the combined Series II and Series III simple
span and Series III continuous span test results:

K =0.71+0.05(/-2) < 0.91 for 2ft </
where /, is the length of the shear span in ft

Based on the Series Il simple span results, it is assumed that the K value for 16 gage
continuous specimens can be determined from the simple span 16 gage K equation.

Based on the above criterion Tables 6.5 and 6.6 were formulated. In developing the tables
the following assumptions were made: shear span is 1/3 of the clear span, a superimposed dead load

of 10psf will be present, the maximum unshored clear spans outlined in the CSI catalog apply, and a
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@ factor of 0.85. It should be noted that Tables 6.5 and 6.6 were developed based only on the
flexural strength determined from the design equations presented in this report. Deflection limitations

are not included in Tables 6.5 and 6.6.

Table 6.5 — Maximum Clear Spans, Third Point Shoring
Third Point Shoring

Live Load = 100 psf
20 Gage 16 Gage
40 ksi 50 ksi 40 ksi 50 ksi
20'-10" 23'-4" 27'-5" 30'-9"

Live Load = 40 psf
20 Gage 16 Gage

40 ksi 50 ksi 40 ksi 50 ksi

23-9"* | 23-9"* | 31-6"* | 31-6"*

* = maximum unshored clear span controls

Table 6.6 — Maximum Clear Spans, Quarter Point Shoring
Quarter Point Shoring

Live Load = 100 psf
20 Gage 16 Gage
40 ksi 50 ksi 40 ksi 50 ksi
21'-5" 23-11" 28'-2" 31'-6"

Live Load = 40 psf

20 Gage 16 Gage
40 ksi 50 ksi 40 ksi 50 ksi
27'-1" 30'-3" 35'-7" 39'-10"

6.3.2 Profile Development Recommendations

For future profile development, it may be desirable to perform small scale tests to determine
the effectiveness of various embossment patterns. This would allow for numerous patterns to be
tested in a relatively short amount of time. Full scale tests simulating the as-built field conditions
should then be performed after the most desirable profile/embossment pattern has been determined.
A schematic of a possible small-scale test is shown in Fig. 6.1. A typical small-scale test specimen is
shown in Fig. 6.2.

Small-scale testing of the Versa-Dek profile with embossments in the bottom flange should
be performed with two specimens placed back-to-back with adequate space between the two
specimens to allow for the deflection of the embossments of both specimens and shown in Fig. 6.1.
More tests need to be conducted to determine the increased strength of composite slabs utilizing the

Versa-Dek profile due to various factors such as embossments, end constraints and continuity. It has
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been shown that all three of these factors add to the strength of the composite slabs utilizing the
Versa-Dek profile, but how much each contributes is yet undetermined. Conducting tests with
combinations of these variables would help to develop a more thorough understanding of the

contributions of each.
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Figure 6.1 — Schematic of Proposed Small- Figure 6.2 — Typical Small-Scale Test Set-Up
Scale Test

The following is a summary of a number of possible profile changes that may improve the
performance of the Versa-Dek profile.

Changing the panel lap design is a consideration that may increase the overall shear
resistance of the panel. Changing the panel lap to a nested configuration with voids in either the top
flange or webs that allow concrete to flow through during casting could increase the shear resistance.
This option was not proposed due to aesthetic and production concerns. Figure 6.3 shows two

alternate panel lap designs.

a) Lap with Top Flange Voids b) Lap with Web Void

Figure 6.3 - Modified Panel Laps

103



It may be desirable to include embossments in the top flute to increase the longitudinal shear-
bond. It has been shown that embossments in narrower elements are generally more effective then in
wide elements (Lawson 1983). The stiffness not only resists deflection, but may also increase the
frictional resistance of the profile when vertical force is applied by pushing the web elements into
contact with the concrete. It should be noted that embossments in the bottom flange also increase the
frictional resistance by pulling the web into contact with the concrete, but the relative stiffness of the
bottom flange may not allow as efficient a transfer of vertical force as the upper flute. An
embossment in the top flange of the Versa-Dek profile is shown in Fig. 6.4.

There are some disadvantages to putting embossments in the upper flange, embossments in
the upper flange provide an initial deformation which may induce buckling during casting of concrete
(Jolly and Zubair 1987). Also, embossments in the upper flange are much closer to the neutral axis of
the section as shown in Fig. 6.5. It is more desirable to have the shear transfer device closer to the

greatest tensile force which is located in the bottom flange of the deck.

Figure 6.4 - Embossment in Top Flange

&c

b
Strain Compression &
Distribution Tension Forces

Figure 6.5 — Versa-Dek Force Distribution
Another profile change that should be considered is adding a lengthwise stiffener in the
bottom flange of the Versa-Dek profile. This may increase the bottom flange stiffness and help
prevent the deflection of embossments by decreasing the unstiffened length of the bottom flange. A

possible profile with a bottom flange stiffener is shown in Fig. 6.6.
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In addition to profile changes, positive moment strength can be increased by providing

positive bending reinforcing bars as in traditional reinforced concrete design.

Figure 6.6 - Stiffened Bottom Flange
6.3.3 End Restraint Recommendations

To increase the strength of the composite slabs, different end restraints should also be
considered. Research presented by Patrick (1990) concerning the development of a shear device for
the Bondek profile gives a good summary of the effects of various end restraints.

A schematic of the end-anchorages used in the tests conducted by Patrick are presented as
Fig. 6.7. It should be noted that the shear accessory device shown is not identical to the device
evaluated by Patrick, but gives a representation of a possible shear accessory.

The figure shows the end-anchorages in the order of effectiveness with the rib turndown
being the least effective and the shear accessory being the most effective. The end anchorage devices
tested were chosen because the manufacturer did not want to change roll-forming equipment, as
would be required to add embossments, and because they could be used in concrete-framed rather
than steel-framed construction.

The rib turndown, rib turndown with bottom flange turned up and reinforcing bar through the
webs, are time consuming and do not yield results warranting their application. However, the most
effective device, the shear accessory, can be easily installed and provides outstanding gains. The
device tested by Patrick was developed into the “pinned pan connector” and increased the allowable
clear span for the Bondek profile to nearly 33 ft. A previous study of the Bondek profile between
1968 and 1971 determined that the allowable span length, allowing for a degree of safety against
shear-bond failure, was only 15 ft for simple spans and only 17 ft for continuous spans (Patrick
1988Db).

There are some notable differences between the Bondek specimens tested to develop the
“pinned pan connector” and the Versa-Dek specimens tested for this project. The Bondek specimens
were constructed with high strength steel, contained additional reinforcing bars and had a greater slab
depth. Also the Bondek profile did not contain any embossments so all of the shear resistance after

chemical bond failure was provided by the end restraints.

105



1. Rib Turndown 2. Rib Turndown Bottom Flange Turned
Up

3. Reinforcing Bar 4. Shear Accessory

Figure 6.7 - Various End-Anchorages (From Patrick (1990))
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Test Designation

CSI-1-2/20-20c-A

Test Date 17-May-01
Slab

specimen width 6 ft (3 panels)
span length (2) 20 ft spans
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange"

Deck

thickness 0.0352 in
rib height 2.00in
cross sectional area 0.7825 in%/ft
yield stress 49.3 Ksi
ultimate strength 56.9 ksi
embossment no
Concrete

type normal weight
compressive strength 3174 psi
total depth 6.0in
cover depth 4.0in
Test Results

maximum load 326 psf
midspan 1 deflection at maximum load 3.32in
midspan 2 deflection at maximum load 3.29in
quarter point 1 deflection at maximum load 2.73in
quarter point 2 deflection at maximum load 1.48in
quarter point 3 deflection at maximum load 1.50 in
quarter point 4 deflection at maximum load 2.70in
relative end slip at maximum load 0.24 in
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Figure A.6 - Load vs. MS1 Deflection CSI-I1-2/20-20c-A
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Figure A.7 - Load vs. MS2 Deflection CSI-I1-2/20-20c-A
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Figure A.9 - Load vs. QP2 Deflection CSI-1-2/20-20c-A
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Figure A.11 - Load vs. QP4 Deflection CSI-1-2/20-20c-A
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Load vs. Line 1 Strain
CSI-2/20-20c-A

300 A

200

100 A

Strain (micro)
Figure A.12 - Load vs. Line 1 Strain CSI-1-2/20-20c-A

Load vs. Line 2 Strain
CSI-1-2/20-20c-A

400

0 200 400 600 800 1000 1200 1400 1600

Strain (micro)

Figure A.13 - Load vs. Line 2 Strain CSI-I1-2/20-20c-A

1800
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Load (psf)

Load (psf)

Load vs. Line 3 Strain
CSI-1-2/20-20c-A

A_O
300 A \
200 - :
—o— SG13
100 1 v SG14
—m— SG15
—0- SG16
—A— SG17
—0-- SG18
0Q
0 500 1000 1500 2000 2500
Strain (micro)
Figure A.14 - Load vs. Line 3 Strain CSI-I1-2/20-20c-A
Load vs. Line 4 Strain
CSI-1-2/20-20c-A
300 - /
200 - /
—e— SG19
100 1 —— SG20
—& - SG21
—— SG22
, A SG23
A . —0-- SG24
0 Ld T T T
0 200 400 600

Strain (micro)

Figure A.15 - Load vs. Line 4 Strain CSI-2/20-20c-A
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Load (psf)

Load (psf)

Load vs. Line 5 Strain
CSI-1-2/20-20c-A

300
O
200
—e— SG25
v SG26
100 —a— SG27
— - SG28
—— SG29
—o - SG30
0 T
-1000 500 1000
Strain (micro)
Figure A.16 - Load vs. Line 5 Strain CSI-I-2/20-20c-A
Load vs. Line 6 Strain
CSI-1-2/20-20c-A
300
200 -~
—e— SG31
100 + v 8SG32
—a— SG33
—> - SG34
—— SG35
—o - SG36
0 T
-1000 500 1000

Strain (micro)

Figure A.17 - Load vs. Line 6 Strain CSI-I-2/20-20c-A
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Load (psf)

Load (psf)

Load vs. Line 7 Strain
CSI-1-2/20-20c-A

300
200
—e— SG37
-7 SG38
100 —m— SG39
—0- SG40
—A— SG41
. —0-- SG42
{]
O o T
0 200 400 600

Strain (micro)
Figure A.18 - Load vs. Line 7 Strain CSI-I1-2/20-20c-A

Load vs. Line 8 Strain
CSI-1-2/20-20c-A

—@— SG43
- SG44
—8— SG45
—>-- SG46
—A— SG47
—O-- SG48

0 500 1000 1500 2000 2500
Strain (micro)

Figure A.19 - Load vs. Line 8 Strain CSI-I1-2/20-20c-A
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Load (psf)

Load (psf)

Load vs. Line 9 Strain
CSI-1-2/20-20c-A

300 A
200 A
—&— SG49
100 - - SG50
—— SG51
—>-- 8G52
—A— SG53
—0 - SG54
0 T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Strain (micro)
Figure A.20 - Load vs. Line 9 Strain CSI-I1-2/20-20c-A
Load vs. Line 10 Strain
CSI-1-2/20-20c-A
300 + 2; :2@
ﬁo\
200 -+
—&— SG55
—&— SG57
—>-- SG58
—A— SG59
—O-- SG60
O T T
-200 300 400

Strain (micro)

Figure A.21 - Load vs. Line 10 Strain CSI-1-2/20-20c-A
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Load (psf)

Load (psf)

Load vs. Relative End Slip
CSI-I1-2/20-20c-A

300 -
200
100
—— end slip 1
O - endslip 2
—v— end slip 3
—-- end slip 4
0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5
End Slip (in)
Figure A.22 - Load vs. Relative End Slip CSI-I1-2/20-20c-A
Load vs. End Slip
CSI-I-2/20-20c-A
‘ —o— PT1
300 1 —O0— PT2
—v— PT3
—— PT4
VY | e PT5
© | o PT6
200 : v PT7
S| v PT8
v
100 -
v
0 v x
0.4

End Slip (in)
Figure A.23 - Load vs. End Slip CSI-1-2/20-20c-A
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Test Notes and Whitmore Readings

20ft 20G Continuous Span Test Specimen A (May 17, 2001)

Whitmore Readings
Table A.1 — CSI-1-2/20-20c-A - Whitmore Readings/Test Notes

Load Point

Notes

(psf) 1 Difference 2 Difference 3 Difference 4 Difference

0 0.1908 | - 01895 | - 0.2012 | - 0.1865 - 1 Hairline cracks form after shoring released

80 0.1832 0.0076 0.1664 0.0231 0.158 0.0432 0.1813 0.0052 2

120 0.1805 0.0027 0.1678 -0.0014 0.1562 0.0018 0.1724 0.0089 3 |Popping sound in span 2

160 0.1765 0.004 0.1751 -0.0073 0.1503 0.0059 0.1585 0.0139 4 |Popping sound in span 1

180 0.1745 0.002 0.164 0.0111 0.151 -0.0007 0.1577 0.0008 5 Popping in both spans; cracks form on sides at mid and at support
200 0.1734 0.0011 0.1601 0.0039 0.1501 0.0009 0.1487 0.009 6
220 0.1708 0.0026 0.1445 0.0156 0.1475 0.0026 0.152 -0.0033 7 Seperation of deck and concrete at side A of span 1
230 0.1654 0.0054 0.144 0.0005 0.1383 0.0092 0.1435 0.0085 8
255 0.1633 0.0021 0.1383 0.0057 0.1437 -0.0054 0.1456 -0.0021 9
270 0.1598 0.0035 0.1364 0.0019 0.1176 0.0261 0.1364 0.0092 10

Deflection control; Deflection taken to 2.1"; Popping and cracking; Load
280 0.1582 0.0016 0.1234 0.013 0.1247 -0.0071 0.1309 0.0055 11 |drops and deflection increases to 2.25"

Deflection increases to 2.25"; Load drops to 258psf; Span 1 now at
280 (258) | 0.1563 0.0019 0.126 -0.0026 0.1142 0.0105 0.1285 0.0024 12 |233psf

2.55 (in) 0.1551 0.0012 0.1215 0.0045 0.1086 0.0056 0.1248 0.0037 13 |Plywood bows between beams

3.75 (in) 0.0965 0.0586 0.0368 0.0847 0.0186 0.09 0.0473 0.0775 14

4.1 (in) 0.0691 0.0274 0.0059 0.0309 NA | - 0.0182 0.0291 15 |Potentiometer slips from angle
4.75 (in) 0.013 0.0561 0.2003 0.0556 NA | - 0.2043 0.0639 16
5.3 (in) 0.2311 0.0319 0.1685 0.0318 NA | - 01777 0.0266 17

Span 1

Maximum deflection at approximately 8°-6” from end support (taken on side A)

Over 4” end slip (A&B)

Approximately %4” uplift of pour stop (A&B)

Cracks in top out to 3°-3” from centerline of center support (A&B)

Cracks on side out to 2°-0” from centerline of center support (B) and 2’-7” from
centerline of center support (A)

Positive bending cracks @ approximately10’ from centerline of center support to
approximately 5’ from end support (B) and approximately 8’ from centerline of center
support to approximately 4’-10” from end support (A)

Maximum deflection at approximately 8’-8” from end support (A)
Approximately %2 uplift of pour stop (B)
Cracks in top out to 3°-4” from centerline of center support (A&B)
Cracks on side out to 2°-4” from centerline of center support (B) and 1’-10” from
centerline of center support (A)
Positive bending cracks @ approximately 7°-8” from centerline of center support to
approximately 4’-8” form end support (A) and approximately 8’ from centerline of center
support to approximately 4°-5” from end support (B)
Center Support

e Clear cover of rebar measured to be approximately 1-5/8”

|g)
&
[ ] e o o o = [ ] e o o o o
N

126



V NJNWIDIAS NVdS SNONNILNOD 90¢ 1402

1¥0ddns &

1NOAVTMOVHO
Z NVdS L NVdS
NOILO3143a WNINIXYIN NOILO3143d WNIWIXY
40 NOILVYO01 40 NOILYOO1 v 3ais
| |
.8-8 ! WOl .9-8
1¥0ddns & 140ddns }
|
8 8L 8L .0-01 .0-S .0-G
SYOVHO | | SMOVHO
3AILISOd 0L-L WL 3AILISOd
SMOVHO 'O3N SHOVHO
REIN
ove HIV Ad | | Ovd HIV Ad
a3avotvayy R W£-E a3avo vayy
SYOVHO | SHMOVMD
doL doL
Wz I o
SYOVHO SMOVHO
‘93aN GEN
S Wlnil .0-8 .0-8 W2l 0b-
SYOVHO SYMOVHO
3AILISOd 3AILISOd g3ais

Figure A.24 — CSI-1-2/20-20c-A — Crack Layout
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Test Designation

CSI-1-2/20-20c-B

Test Date 27-Jun-01
Slab

specimen width 6 ft (3 panels)
span length (2) 20 ft spans
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0352 in
rib height 2.00in
cross sectional area 0.7825 in%/ft
yield stress 49.3 Ksi
ultimate strength 56.9 ksi
embossment no
Concrete

type normal weight
compressive strength 3329 psi
total depth 6.0in
cover depth 4.0in
Test Results

maximum load 400 psf
midspan 1 deflection at maximum load 3.45in
midspan 2 deflection at maximum load 4.38in
quarter point 1 deflection at maximum load 2.77 in
quarter point 2 deflection at maximum load 1.58 in
quarter point 3 deflection at maximum load 213in
quarter point 4 deflection at maximum load 3.73in
relative end slip at maximum load 0.191in
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Load (psf)

Load (psf)

Load vs. MS1 Deflection
CSI-1-2/20-20c-B

-550
-500 a Iu/ /Id

Qy = 457 psf

-450 |

—— MS12

-4 -6
Deflection (in)
Figure A.25 - Load vs. MS1 Deflection CSI-I-2/20-20c-B
Load vs. MS2 Deflection
CSlI-1-2/20-20c-B
-550
-500 'u/ / ly
r Qg = 457 psf
-450
400
-350
2300
250
200
150
100
-50 A: —— MS21
v v MS22
0 g T T T T T T
0 -1 2 -3 -4 5 6 7

Deflection (in)

Figure A.26 - Load vs. MS2 Deflection CSI-I-2/20-20c-B




Load (psf)

Load (psf)

Load vs. QP1 Deflection
CSI-1-2/20-20c-B

O T T T T
0 -1 -2 -3 -4
Deflection (in)

Figure A.27 - Load vs. QP1 Deflection CSI-1-2/20-20c-B

Load vs. QP2 Deflection
CSI-I-2/20-20c-B

-400 -

-300 -+
-200 -+
-100 +
—e— QP21
) v QP22
0 T T
0 -2 -3 -4

Deflection (in)

Figure A.28 - Load vs. QP2 Deflection CSI-1-2/20-20c-B

130



AN S SR SR R |

AN R AR S R |

Load (psf)

Load (psf)

Load vs. QP3 Deflection
CSI-1-2/20-20c-B

-400 - g
oV B E
o
VV
v
v v
-300 - v :
RN y
v V’
v
v :
2004
v v
v
3
V’ K
100 4 ¥
v v
B : —e— QP31
Y v
4 j
0 T T T T
0 -1 2 -3 -4
Deflection (in)
Figure A.29 - Load vs. QP3 Deflection CSI-1-2/20-20c-B
Load vs. QP4 Deflection
CSI-1-2/20-20c-B
-400 -
-300
-200
-100 +
—e— QP4 1
v QP42
0 T T T
0 -2 -4 6

Deflection (in)

Figure A.30 - Load vs. QP4 Deflection CSI-1-2/20-20c-B
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Load (psf)

Load (psf)

Load vs. Line 1 Strain
CSI-1-2/20-20c-B

-400 A
-300 -
-200 -
-100 A
0 T
-200 -100 0 100 200 300 400 500 600 700 800
Strain (micro)
Figure A.31 - Load vs. Line 1 Strain CSI-I-2/20-20c-B
Load vs. Line 2 Strain
CSI-1-2/20-20c-B
o
i
ALY/
77 /
—— SG7
—v— SG8
—& - SG9
—— SG10
A SG11
—0-- SG12
0 200 400 600 800 1000 1200 1400

Strain (micro)

Figure A.32 - Load vs. Line 2 Strain CSI-I-2/20-20c-B
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Load (psf)

Load (psf)

Load vs. Line 3 Strain

CSI-1-2/20-20c-B

—0— SG13
—&— SG15
—>-- SG16
—A— SG17
—O-- SG18

2000

Strain (micro)

3000

Figure A.33 - Load vs. Line 3 Strain CSI-I-2/20-20c-B

Load vs. Line 4 Strain

CSI-1-2/20-20c-B

4000

-400 - o ©F
/
/
4
-300 - &
/
-200
—8— SG19
—v— 8G20
100 4 —= - SG21
—0— $G22
A SG23
—0-- SG24
0 x
0 200 400 600

Strain (microstrain)

Figure A.34 - Load vs. Line 4 Strain CSI-I-2/20-20c-B
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Load (psf)

Load (psf)

Load vs. Line 5 Strain
CSI-1-2/20-20c-B

-400
-300 -
-200 -
-100 -
—
0
-1000 1000
Strain (micro)
Figure A.35 - Load vs. Line 5 Strain CSI-I-2/20-20c-B
Load vs. Line 6 Strain
CSI-1-2/20-20c-B
-400 -
-300 - :
200 1 L\
-\ —e— SG31
V‘i v SG32
—a— SG33
-100 % —o-- SG34
\~ —— SG35
g —o-- SG36
O T T T
-1000 -500 0 500 1000
Strain (micro)

Figure A.36 - Load vs. Line 6 Strain CSI-I-2/20-20c-B
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Load (psf)

Load (psf)

Load vs. Line 7 Strain
CSI-1-2/20-20c-B

-400 -

-300 -

-200 -
—e— SG37
-7 SG38
—m— SG39

-100 —O-+ SG40
—A— SGA41
—O-- SG42

0 ;
600

Strain (microstrain)
Figure A.37 - Load vs. Line 7 Strain CSI-I1-2/20-20c-B

Load vs. Line 8 Strain
CSI-1-2/20-20c-B

0 1000 2000 3000

Strain (micro)

Figure A.38 - Load vs. Line 8 Strain CSI-I-2/20-20c-B

4000
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Load (psf)

Load (psf)

Load vs. Line 9 Strain
CSI-1-2/20-20c-B

-400

-300

-200 A

, —8— SG49
/ -7-- SG50
- —— SG51
/<> —> - SG52

—A— SG53
—O - SG54

, 00
e
/
&

)
()
3 .
0 g’ T T T T T T T T
0

200 400 600 800 1000 1200 1400 1600
Strain (micro)
Figure A.39 - Load vs. Line 9 Strain CSI-I-2/20-20c-B

Load vs. Line 10 Strain
CSI-1-2/20-20c-B

1800

-400 -

-300

-200

-100 ~

—8— SG55
57 SG56
—&— SG57
—>-- SG58
—A— SG59
—O-- 8G60

100 200 300 400 500 600
Strain (micro)

Figure A.40 - Load vs. Line 10 Strain CSI-1-2/20-20c-B

700
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Load (psf)

Load (psf)

Load vs. Relative End Slip
CSI-1-2/20-20c-B

-500
—&— endslip 1
—O— end slip 2
-400 -
-300
-200
-100
Q
()
0 T T T T T
0.05 0.00 -0.05 -0.10 -0.15 -0.20 -0.25
End Slip (in)
Figure A.41 - Load vs. Relative End Slip CSI-I-2/20-20¢c-B
Load vs. End Slip
CSI-1-2/20-20c-B

-500
-400 -
-300 -
-200 -
-100

0

0.15 0.10 0.05 0.00 -0.05 -0.10 -0.15

End Slip (in)

Figure A.42 - Load vs. End Slip CSI-I-2/20-20¢c-B
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Test Notes and Whitmore Readings

20ft 20G Continuous Span Test Specimen B (June 27,2001)

Whitmore Readings

Table A.2 — CSI-1-2/20-20c-B — Whitmore Readings/Test Notes

Load Point Notes
(psf) 1 Difference 2 Difference 3 Difference 4 Difference
0 0.24152 0.2299 0.00205 0.00212
25 1 Cracks over interior support
50 2 Cracks over interior support
75 0.2293 -0.01222 0.2259 0.22385 | 0.04185 | 0.03973 3
100 0.241 0.0117 0.0016 -0.2283 0.004 -0.2219 0.10068 0.05883 4 Negative cracks on side
145 0.241 0 0.21015 | 0.20855 0.2254 0.2214 0.0155 | -0.08518 7  |Positive cracks on side
195 0.1131 -0.1279 0.2129 0.00275 0.2265 0.0011 0.2527 0.2372 10
210 11 |Popping
240 0.2427 0.1296 0.1949 -0.018 0.2125 -0.014 0.0519 -0.2008 13
285 0.1833 -0.0594 0.1821 0.2082 -0.0043 0.19 0.1381 16
290 17 |Span 2 load went to 290 then dropped; seperation @ interior support
300 18
315 0.1946 0.0113 0.1892 -0.019 0.0035 -0.1865 19
325 20
340 21 |Spans got to 340 popped then dropped to about 305
380 23
Span 1
e Maximum deflection at approximately 10’-0” from end support (taken on side A)
e Cracks in top out to 3°-9” from centerline of center support (A&B)
e Cracks on side out to 3’-9” from centerline of center support (A&B)
e Positive bending cracks @ approximately 8’-10” to 15’-3” from centerline of center
support (A) and approximately 9°-3” to 15’-6” from centerline of center support (B)
Span 2
e Maximum deflection at approximately 5°-7” from end support (A) and at approximately
5’-9” from end support (B)
e Cracks in top out to 4’-0” from centerline of center support (A) and 3°-9” from centerline
of center support (B)
e Cracks on side out to 4’-0” from centerline of center support (A) and 3°-1” from
centerline of center support (B)
e Positive bending cracks @ approximately 9°-1” to 15°-9” from centerline of center

support (A) and approximately 9°-1” to 15°-0” from centerline of center support (B)

Center Support

Clear cover of reinforcing bars (from Side A to Side B)

1 1-3/8”
4 1-1/16”
7 1-3/8”
10 1-1/47

2
5
8

11

1-1/16”
1-3/8”

1-5/16”
1-5/16”

3 15/16”
6 1-1/167
9 1-3/167
Avg. 1-1/47
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Figure A.43 — CSI-1-2/20-20¢-B — Crack Layout
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APPENDIX B - Series Il Test Data
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SIDE A SIDE B

PT3 PTe
A PT4 PT1
?
™
‘ QP1 A QP1 B
| — LINE 1 (SG1L - SG4>
3
2 ‘ MS1 A MSI B
| | — LINE 2 (SG5 - SG 8
=
<C
[a N
MO
™
‘ QP2 A QP2 B
| LINE 3 (SG9 - SGI&
?
™
PTS 5T
\
PT7 PTE

INSTRUMENT LAYOUT
13FT 20G SIMPLE SPAN

Figure B.1 - Plan of CSI-1I-2/20-13 Instrument Layout

A A W A A VA ARV W AV W AR VAN VA VA Y A

INSTRUMENT LAYOUT-SIMPLE SPAN SLAB TEST

*STRAIN GAGES
XWIRE POTS

Figure B.2- Elevation of CSI-11-2/20-13 Instrument Layout
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33 33 33« 3137
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I
130"

13f1 20G SET-UP

S -
13ft 20G SET-UP
SECTION A=A
T T W T T T T T T T T T T
S

13ft 206G SET-UP
SECTION B-B

Note: Details 1,2 and 3 on next page

Figure B.3- Elevations of CSI-II-2/20-13 Test Set-Up
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6" TALL 16G
STAY-IN-PLACE
POUR STOP

W/ 3" LEG

& 1/27 LIP (TYPD

3000 PSI

NORMAL WT,
CONCRETE

W/ SMALL STONE
TYPD

6 X 6
WIRE MESH
(TYPD

2" VERSA-DEK
(TYPD

1/4” ¢ BOLT AT MIDDLE
OF BOTT. FLG. (TYPD

DETAIL 1
TYPICAL END CONDITION

ALL THREAD ROD
USED TO KEEP POUR
STOP VERTICAL DURING

PLACEMENT OF CONCRETE 3000 PSI
<4 NORMAL WT,
9 CONCRETE
4 a4

f \ W/ SMALL STONE
‘ CTYPD
=
a a9
LX ; 2 L i; 2 ; Z:E‘ke X 6
WIRE MESH
DECK SCREWS TYP)
SPACED @ *12°
CTYP)
4x4 POST
USED AS SHORING
ADJUSTABLE

STAND FOR SHORING

DETAIL 2
TYPICAL CONDITION
AT DECK LAP
6" TALL 16G POUR STOP
W/ 3" LEG & 1/2° LIP
DECK SCREWS USED REMOVED @ 7 DAYS (TYP)
TO FASTEN CORNER
BRACKETS AND ADJACENT
PIECES OF POUR STOP (TYP) 3000 PSI

NORMAL WT.

° . N //\\ CONCRETE
Cave ="\ W/ SMALL STONE
4 (TYP.
P
" )
i 6 X 6

WIRE MESH
TYPD

DECK SCREWS
SPACED e *12”
(TYPD 1747 ¢ BOLT AT MIDDLE

OF BOTT. FLG <TYPO

DETAIL 3
TYPICAL END CONDITION

Figure B.4- CSI-11-2/20-13 - Set-Up Details
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Test Designation

CSI-11-2/20-13-A

Test Date 5-Oct-01
Slab

specimen width 6 ft (3 panels)
span length 13 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange"

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in?/ft
yield stress 46.5 ksi
ultimate strength 53.0 ksi
embossment yes
Concrete

type normal weight
compressive strength 2931 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 493 psf
midspan deflection at maximum load 4.68 in
quarter point 1 deflection at maximum load 3.04 in
quarter point 2 deflection at maximum load 2.81in
relative end slip at maximum load 0.32in

145




P T T Load vs. Mid Span Deflection HEEEEEEN

CSI-II-2/20-13-A
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Load vs. Quarter Point 1 Deflection
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Load vs. Quarter Point 2 Deflection
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(TTT1T1] Load vs. Relative End Slip FTTT]
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Figure B.12— CSI-11-2/20-13-A — Load vs. Relative End Slip
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149



Test Notes and Crack Maps

13ft 20G Simple Span Test Specimen A (October 5, 2001)

Load, psf: Notes:

65 Some popping noise

235 Crack 1 side B
@ 5°-1” from end
@ 6°-1 2" from end
@ 7°-1” from end
@ 8’-1 2" from end

240-250 Crack 2 side B
Continuation of 1 @ 5°-1” from end
Continuation of 1 @ 6’-1 %2 from end

Loud Popping starting at 240 up to 255; load drops to down to 245
265 Not much noise
Crack 3 side B

@ 4°-2 2 from end
Continuation of 2 @ 5°-1" from end
Continuation of 2 @ 6’-1 %2 from end
Continuation of 1 @ 7°-1” from end
Continuation of 1 @ 8’-1 %2 from end
@ 8-7” from end

335 Crack 4 side B
Continuation of 3 @ 4°-2 %" from end
Continuation of 3 @ 6°’-1 %2 from end
Continuation of 3 @ 7°-1” from end
@ 9’-1 2" from end

365 Crack 5 side B
Propagation of 3 @ 5°-1” from end
Propagation of 3 @ 6’-1 '2” from end
Propagation of 1 @ 8’-1 2 from end
Continuation of 4 @ 9’-1 2” from end

460 PT 4 slips off angle
495 Very loud pops at 480psf
Crack 6 side B

@ 3’-1 '~ from end

@ 3°-7” from end

Continuation of 5 @ 5’-1” from end
Continuation of 4 @ 7°-1” from end
Continuation of 1 @ 8’-1 2" from end
@ 9°-7 2 from end

Failure @ 52” from end on side A, 48” from end on side B
Cracks from 387-116” on side A, 36-112” on side B
Note: Due to space constraints, cracks on side A were not mapped.
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Test Designation

CSI-11-2/20-13-B

Test Date 5-Oct-01
Slab

specimen width 6 ft (3 panels)
span length 13 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in?/ft
yield stress 46.5 ksi
ultimate strength 53.0 ksi
embossment yes
Concrete

type normal weight
compressive strength 2931 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 719 psf
midspan deflection at maximum load 4.94 in
quarter point 1 deflection at maximum load 2.94 in
quarter point 2 deflection at maximum load 3.44 in
relative end slip at maximum load 0.36in
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Figure B.16— CSI-11-2/20-13-B — Load vs. Mid-span Strain
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Load vs. Quarter Point 1 Deflection
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Figure B.18— CSI-11-2/20-13-B — Load vs. Quarter Point 1 Strain
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Load vs. Quarter Point 2 Deflection
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Load vs. Relative End Slip
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Test Notes and Crack Maps

13ft 20G Simple Span Test Specimen B (October 5, 2001)

Load psf

115
180
165
225

235

250

265

285

300

350

440

popping begins
Louder popping
Crack 1 side A
@ 5°-3” from end
Popping more regular, louder
Crack 2 side A
Continuation of 1 @ 5°-3’ from end
Crack 1 side A widens
Loud pop, load reaches 250pst drops to 240psf
Crack 3 side A
@ 6°’-3” from end
@ 6’-3 2" from end
Crack 4 side A
@ 5°- 10 2" from end
@ 7°-8 '2” from end
@ 8-4” from end
Loud popping
Crack 5 side A
@ 4’-1” from end
Crack 6 side A
@ 4’-1” from end
Propagation of 4 @ 5°-10 %2” from end
Continuation of 3 @ 6’-3 2" from end
@ 9°-4” from end
Crack 7 side A
@ 6’-11” from end
@ 7°-3 '2” from end
Continuation of 4 @ 7°-8 2" from end
@ 7°-9 4" from end
Continuation of 4 @ 8’-4” from end
Propagation of 6 @ 9’-4” from end

Big pop

Failure @ 63” from end on side A, 59” from end on side B
Cracks from 487-111” on side A, 42”-111" on side B

Note: Due to space constraints, cracks on side B were not mapped.
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Figure B.23— CSI-11-2/20-13-B — Crack Map
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Test Designation

CSI-11-2/20-9-A

Test Date 8-Oct-01
Slab

specimen width 6 ft (3 panels)
span length 9 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in?/ft
yield stress 46.5 ksi
ultimate strength 53.0 ksi
embossment yes
Concrete

type normal weight
compressive strength 3979 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 1600 psf
midspan deflection at maximum load 2.83in
quarter point 1 deflection at maximum load 1.73in
quarter point 2 deflection at maximum load 1.86 in
relative end slip at maximum load 0.34in
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Figure B.32— CSI-11-2/20-9-A — Load vs. Quarter Point 1 Strain
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Figure B.34— CSI-I11-2/20-9-A — Load vs. Quarter Point 2 Strain
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Figure B.36— CSI-11-2/20-9-A — Load vs. End Slip
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Test Notes and Crack Maps

9ft 20G Simple Span Test Specimen A (October 8, 2001)

Load, psf

445 Popping begins
495 Louder popping
500-535 Popping constantly
535 Crack 1 side B

@ 2°-10 '5” from end
@ 3°-7” from end
@ 5’-1” from end
@ 6°-2” from end
565 Crack 2 side B
@ 2°-10 %" from end
@ 3°-11 '5” from end
Continuation of 1 @ 5°-1” from end
Continuation of 1 @ 6’-2” from end
735 Cracks propagate and turn towards horizontal
Crack 3 side B
Propagation of 2 @ 2’-10 ’2” from end
Propagation of 2 @ 3’-11 '4” from end
Continuation of 2 @ 5°-1” from end
Continuation of 2 @ 6’-2’ from end
900 Crack 4 side B
Continuation of 3 @ 2°’-10 '2” from end
Continuation of 1 @ 3°-7” from end
Continuation of 3 @ 6’-2” from end

Failure @ 6°-4” and 5°-4” (just outside) Side A, @ 5°-9” and 5°4” (just outside)
Cracking Side A from 2°-8” to 6°-4”, top crack at 6°-0” and 5°-2”.
Cracking Side B from 2°-10” to 6°-0”, top crack at 5°-9”
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Test Designation

CSI-11-2/20-9-B

Test Date 8-Oct-01
Slab

specimen width 6 ft (3 panels)
span length 9 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in?/ft
yield stress 46.5 ksi
ultimate strength 53.0 ksi
embossment yes
Concrete

type normal weight
compressive strength 3979 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 1630 psf
midspan deflection at maximum load 3.08 in
quarter point 1 deflection at maximum load 2.06in
quarter point 2 deflection at maximum load 1.891in
relative end slip at maximum load 0.25in
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Figure B.38- CSI-11-2/20-9-B — Load vs. Mid-span Deflection
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Figure B.39- CSI-11-2/20-9-B — Load vs. Mid-span Strain
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Figure B.41- CSI-11-2/20-9-B — Load vs. Quarter Point 1 Strain
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Figure B.42- CSI-11-2/20-9-B — Load vs. Quarter Point 2 Deflection
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Figure B.43- CSI-11-2/20-9-B — Load vs. Quarter Point 2 Strain
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Test Notes and Crack Maps

9ft 20G Simple Span Test Specimen B (October 8, 2001)

Load, psf: Notes:
425 Popping noise
485 Crack 1 side B
@ 3°-6” from end
@ 4°-5” from end
515 Load drops from 515psf to 505pst following a loud pop
Crack 2 side B
@ 5°-1” from end
@ 6’-1” from end
665 Crack 3 side B
@ 4’-1” from end
Continuation of 1 @ 4°-5” from end
@ 5 '4” from end
800 Crack 4 side B
@ 2°-5 2" from end
@ 5°-8” from end
Continuation of 2 @ 6’-1 from end
955 Crack 5 side B
Propagation of 1 @ 3’6 from end
Continuation of 3 @ 4°-1” from end
Continuation of 2 @ 5’-1” from end
Continuation of 4 @ 5°-8” from end
Loud Bang

Failure @ 3°-2” Side A, 4’-0” Side B

Cracking Side A from 3’-1” to 6’-0”, top crack at 3°-1”
Cracking Side B from 2°-5” to 5°-11”, top crack at 3°-7”
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SIDE B

9ft 206 SPECIMEN B,

N
M

\//

Figure B.46- CSI-11-2/20-9-B — Crack Map
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SIDE A SIDE B
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vl QP2 A QP2 B
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INSTRUMENT LAYOUT
7FT 20G SIMPLE SPAN

Figure B.47- Plan of CSI-I1-2/20-7 Instrument Layout
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*STRAIN GAGES
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Figure B.48- Elevation of CSI-II-2/20-7 Instrument Layout
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Figure B.49- CSI-11-2/20-7 — Test Set Up
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6" TALL 16G
STAY-IN-PLACE
POUR STOP

W/ 3" LEG

& 1/2" LIP (TYPD
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W/ SMALL STONE

\

6 X 6
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DETAIL 2
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BRACKETS AND ADJACENT
PIECES OF POUR STOP (TYP) 3000 PSI
- NORMAL WT
4 . N CONCRETE
cate 4 L W/ SMALL STONE
4 (TYPD
o
. . .
KAY ‘ 6 X 6
WIRE MESH
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SPACED @ +12”

(TYPD
OF BOTT. FLG. CTYPO
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Figure B.50- CSI-11-2/20-7 - Set-Up Details
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Test Designation

CSI-11-2/20-7-A

Test Date 7-Nov-01
Slab

specimen width 6 ft (3 panels)
span length 7 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in?/ft
yield stress 46.5 ksi
ultimate strength 53.0 ksi
embossment yes
Concrete

type normal weight
compressive strength 3979 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 5.74 kip/ft
midspan deflection at maximum load 1.15in
quarter point 1 deflection at maximum load 0.96 in
quarter point 2 deflection at maximum load 0.96 in
relative end slip at maximum load 0.23in
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Figure B.51- CSI-1I-2/20-7-A — Strain Gage Map
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| Load vs. Mid Span Deflection CTTTTT1

Strain (microstrain)

Figure B.53- CSI-11-2/20-7-A — Load vs. Mid-span Strain
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Figure B.52- CSI-11-2/20-7-A — Load vs. Mid-span Deflection
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Figure B.54- CSI-11-2/20-7-A — Load vs. Quarter Point 1 Deflection
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Figure B.55- CSI-11-2/20-7-A — Load vs. Quarter Point 1 Strain
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l Load vs. Quarter Point 2 Deflection

Load (k/ft)

CSI-11-2/20-7-A jEnEE.
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0.0 0.5 1.0 1.5 2.0
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Figure B.56- CSI-11-2/20-7-A — Load vs. Quarter Point 2 Deflection

Equivalent Uniform Load (psf)

| | Load vs Quarter Point 2 Strain
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F 1500
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- 500

0 500 1000 1500 2000 2500
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Figure B.57- CSI-11-2/20-7-A — Load vs. Quarter Point 2 Strain

Equivalent Uniform Load (psf)
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| Load vs. Relative End Slip
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N

—&— End Slip 1
—O— End Slip 2
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—v— End Slip 4

T

0.3
End Slip (in)

Figure B.58- CSI-11-2/20-7-A — Load vs. Relative End Slip
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Figure B.59- CSI-11-2/20-7-A — Load vs. End Slip
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Test Notes and Crack Maps

71t 20G Simple Span Test Specimen A (November 7, 2001)

Load, psf:
590-1050
1100

1150

1350

1500

1650

Load, kips:

50

60

60-69
69
Failure

Notes:
Popping noise progressively louder
Crack 1 side A
@ 35 > from end
Crack 1 Side B
@ 34” from end
@ 51” from end
Crack 2 side A
@ 48” from end
Crack 2 side B

Continuation of 1 @ 51” from end

Crack 3 side A
@ 30 4" from end
Crack 4 side A
@ 53 '5” from end
Crack 4 side B
@ 28” from end
@ 58’ from end
Pressure transducer goes off scale

Notes:
Crack 1A onside A
@ 23 > from end and
@ crack 3 —30” from end
Crack 2A on side B
@ crack 4 - 28” from end
@ crack 1 —34” from end
@ crack 4 — 57 2" from end
Cracks from previous test widening
Deck/Concrete Separation
Crack 3A on side A
@ crack 1A
@ 59 '5” from end
Crack 3A on side B
@ 20” from end
@ 28” from end
@ 34” from end
@ 50 '5” from end
@ 57 '5” from end
PT1 Slips off angle
Loud pop
Crack 4A
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Test Designation CSI-lI-2/20-7-B
Test Date 7-Nov-01
Slab

specimen width 6 ft (3 panels)
span length 7 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in*/ft
yield stress 46.5 ksi
ultimate strength 53.0 ksi
embossment yes
Concrete

type normal weight
compressive strength 3979 psi
total depth 6.0 in

cover depth 4.0in

Test Results

maximum load 5.16 kip/ft
midspan deflection at maximum load 1.26 in
quarter point 1 deflection at maximum load 0.98in
quarter point 2 deflection at maximum load 1.01in
relative end slip at maximum load 0.28in
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| | Load vs. Mid Span Deflection TTTTTTTT11

Load (k/ft)
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Figure B.62- CSI-11-2/20-7-B — Load vs. Mid-span Deflection
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Figure B.63- CSI-11-2/20-7-B — Load vs. Mid-span Strain
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| Load vs. Quarter Point 1 Deflection (TTTTTT111

CSlI-1I-2/20-7-B
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F 1500
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o)
-
- 500
0
1.5
Deflection (in)
Figure B.64- CSI-11-2/20-7-B — Load vs. Quarter Point 1 Deflection
| | Load vs Quarter Point 1 Strain TTTT 11T
CSI-11-2/20-7-B
6 - 2000
5 G
(o}
- 1500 =
3
47 S
g £
N o
T 3+ - 1000 ‘E
o -
i -
[
o
24 ©
2
—e— SG1 | 500 =
—O0— SG2 w
L —v— SG3
—— SG 4
0 - y —————10
0 500 1000 1500 2000 2500

Strain (microstrain)

Figure B.65- CSI-11-2/20-7-B — Load vs. Quarter Point 1 Strain

Equivalent Uniform Load (psf)
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Load vs. Quarter Point 2 Deflection

CSlI-1-2/20-7-B

Load (k/ft)

—0— QP1A

r 1500

- 1000

- 500

L L L L L L L L
T T T

0.5 1.0 1.5 2.

Deflection (in)

0

Figure B.66- CSI-11-2/20-7-B — Load vs. Quarter Point 2 Deflection
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Figure B.67- CSI-11-2/20-7-B — Load vs. Quarter Point 2 Strain

Equivalent Uniform Load (psf)
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| Load vs. Relative End Slip

CSI-2/20-7-B jERE RNy

Equivalent Uniform Load (psf)

Figure B.69- CSI-11-2/20-7-B — Load vs. End Slip
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Figure B.68- CSI-11-2/20-7-B — Load vs. Relative End Slip
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Test Notes and Crack Maps

71t 20G Simple Span Test Specimen B (November 7, 2001)

Load, kips: Notes:

22 Cracking/Popping Heard
29 Popping

34.5 Louder popping

35 Crack lon side A

@ 20” from end
@ 24.5” from end
Load got to 35k then loud popping and load dropped to 30k
37 Crack 2 on side A
@ 57 Y5 from end
Crack 2 on side B
@ 60 '5” from end
@ Crack 1
Load got to 37k then dropped to 30k
Observed flaking @ deck/concrete interface
42 Crack 3 on side A
@ 26 '5” from end
@ 52” from end
@ 62” from end
45 Crack 4 on side A
Continuation of 3 @ 51 '2” from end
Continuation of 2 @ 57 '2” from end
Continuation of 3 @ 62 '2” from end
Crack 4 on side B
Continuation of 2 @ 25” from end
Continuation of 3 @ 61” from end

54 Crack 5 on side A
Continuation of 3 @ 62 '2” from end
60 Crack 6 on side A
Propagation of 3 @ 20” from end
Crack 6 on side B

@ 49” from end
Widening of previous cracks

Loud popping sound
60 Loud popping
64 Crack 7 side A

Continuation of 4 @ 51 '4” form end
Continuation of 4 @ 62 '2” from end
Loud popping
Top outside flange buckling at mid-span of side B
Failure Crack 8 side A
Propagation of 3 @ 20 !4’ from end
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Continuation of 6 @ 20 '2” from end

@ 40” from end

Propagation of 4 @ 62 '2” from end
Crack 8 side B

Continuation of 4 @ 25” from end

@ 36 '5” from end

@ 44” from end

Continuation of 6 @ 49” from end

Continuation of 3 @ 61” from end
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Figure B.70- CSI-11-2/20-7-B — Crack Maps
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Figure B.71- Plan of CSI-II-2/16-13 Instrument Layout
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Figure B.72- Elevation of CSI-II-2/16-13 Instrument Layout
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6" TALL 16G
STAY-IN-PLACE
POUR STOP

W/ 3" LEG

& 1/27 LIP (TYPD

3000 PSI
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CONCRETE

W/ SMALL STONE
TYPD

6 X 6
WIRE MESH
(TYPD

2" VERSA-DEK
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DETAIL 1
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DETAIL 2
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AT DECK LAP
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DECK SCREWS USED REMOVED @ 7 DAYS (TYP)
TO FASTEN CORNER
BRACKETS AND ADJACENT
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NORMAL WT.
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TYPICAL END CONDITION

Figure B.74- CSI-11-2/16-13 - Set-Up Details

199



ul
oolL)

ool

=

=

13" 1eG SPECIMENS A & B

Figure B.75- CSI-I1-2/16-13 — Strain Gage Map

200



Test Designation

CSI-11-2/16-13-A

Test Date 15-Nov-01
Slab

specimen width 6 ft (3 panels)
span length 7 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0988 in
rib height 2.00in
cross sectional area 1.3374 in?/ft
yield stress 47.60 ksi
ultimate strength 57.54 ksi
embossment yes
Concrete

type normal weight
compressive strength 3157 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 1200.0 psf
midspan deflection at maximum load 7.09in
quarter point 1 deflection at maximum load 4.69in
quarter point 2 deflection at maximum load 5.22in
relative end slip at maximum load 0.60in
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T T T 11 Load vs. Mid Span Deflection TTTTTT1T1]

CSI-lI-2/16-13-A
- - 1200
1200 - I g, = 1130 psf (Eq. Uniform Load) ~-Q_
i | o= totops N ]
1000 4 [: (Eq. Uniform Load - 1000
: O 1
rl O <
' 1 2
- 800 T
q (]
e —
g - 600 =
S 132
- c
E o
-400 S
B =]
o
L
F 2
—— MS1A § 00
—O— MS18B
T * * * * T . . . . T . . . T . 0
0 2 4 6 8 10
Deflection (in)
Figure B.76- CSI-11-2/16-13-A — Load vs. Mid-span Deflection
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Figure B.77- CSI-11-2/16-13-A — Load vs. Mid-span Strain
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0ad vs. Quarter Point 1 Deflection
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Figure B.78- CSI-11-2/16-13-A — Load vs. Quarter Point 1 Deflection
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Figure B.79- CSI-11-2/16-13-A — Load vs. Quarter Point 1 Strain
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Load vs. Quarter Point 2 Deflection
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Figure B.80- CSI-11-2/16-13-A — Load vs. Quarter Point 2 Deflection

Equivalent Uniform Load (psf)

[T T 1711 Load vs Quarter Point 2 Strain T T T 11

Load (psf)

L1

CSlI-1I-2/16-13-A
1400
» - 1200
1200 A J
1000 4 1000
800 1 ¥ | 800
600 - L 600
H picrostrain 1
400 - - 400
» —e— SG9 1
I —0—SG10 | |
200 1Y —v— SG 11 - 200
I / —7— SG 12
O 2 + T + + + + T + + + T + + + + 0
-1000 0 1000 2000 3000 4000 5000

Strain (microstrain)

Figure B.81- CSI-11-2/16-13-A — Load vs. Quarter Point 2 Strain

Equivalent Uniform Load (psf)
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Figure B.83- CSI-I1-2/16-13-A — Load vs. End Slip
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Test Notes and Crack Map

13ft 16G Simple Span Test Specimen A (November 15, 2001)

Load, psf: Notes:
50 Mild popping sounds
320 Crack 1 side A
@ 43” from end
@ 54” from end
@ 61” from end
345 Loud creak
365 Crack 2 side A

Continuation of 1 @ 43” from end
Continuation of 1 @ 61” from end
@ 66 from end
@ 72” from end
@ 77 Y5 from end
385 Crack 3 side A
@ 101 2” from end
@ 108” from end
465 Crack 4 side A
Continuation of 2 @ 43” from end
@ 47 from end
Continuation of 1 @ 54” from end
New at 54” from end
Continuation of 2 @ 61” from end
Continuation of 2 @ 66” from end
Continuation of 2 @ 72” from end
@ 89” from end
@ 94 '5” from end
Continuation of 3 @ 101 ’2” from end
Propagation of 3 @ 108” from end
515 Crack 5 side A
@ 34 '5” from end
Propagation of 4 @ 89 from end
@ 113” from end
565 Crack 6 side A
Continuation of 5 @ 34 '%” from end
Continuation of 4 @ 54” from end
Propagation of 4 @ 66” from end
Continuation of 2 @ 77 '2” from end
@ 82 '5” from end
Continuation of 4 @ 94 '2” from end
Continuation of 4 @ 108” from end
Continuation of 5 @ 113” from end
655 Crack down top mid noted
Failure Continuation of cracks and sudden concrete crushing
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Figure B.84- CSI-11-2/16-13-A — Crack Map
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Test Designation CSI-lI-2/16-13-B
Test Date 16-Nov-01

Slab

specimen width 6 ft (3 panels)
span length 7 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0988 in
rib height 2.00in
cross sectional area 1.3374 in?/ft
yield stress 47.0 ksi
ultimate strength 57.5 ksi
embossment yes
Concrete

type normal weight
compressive strength 3157 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 1190 psf
midspan deflection at maximum load 7.57 in
quarter point 1 deflection at maximum load 5.29in
quarter point 2 deflection at maximum load 5.53in
relative end slip at maximum load 0.57 in
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Figure B.85- CSI-11-2/16-13-B — Load vs. Mid-span Deflection
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Figure B.86- CSI-11-2/16-13-B — Load vs. Mid-span Strain
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Figure B.88- CSI-11-2/16-13-B — Load vs. Quarter Point 1 Strain
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Load vs. Quarter Point 2 Deflection

Strain (microstrain)

Figure B.90- CSI-11-2/16-13-B — Load vs. Quarter Point 2 Strain
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Figure B.91- CSI-11-2/16-13-B — Load vs. Relative End Slip
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Figure B.92- CSI-11-2/16-13-B — Load vs. End Slip

212



Test Notes and Crack Map

13ft 16G Simple Span Test Specimen B (November 16, 2001)

Load, psf: Notes:
345 Crack 1 side A
@ 108” from end
@ 119” from end
Deck/Concrete separation at corner 2
400 Crack 2 side A
@ 89” from end
@ 95” from end
@ 102” from end
Continuation of 1 @ 108 from end
Continuation of 1 @ 119” from end
435 Crack 3 side A
Continuation of 2 @ 95” from end
Continuation of 2 @ 108 from end
485 Crack 4 side A
@ 36” from end
@ 41 ' from end
@ 50” from end
@ 54 '5” from end
535 Crack 5 side A
Continuation of 4 @ 36” from end
Continuation of 4 @ 41 '2” from end
@ 49” from end
Continuation of 4 @ 54 '>” from end
@ 59 '5” from end
@ 65” from end
@ 72” from end
@ 77" from end
Continuation of 2 @ 89” from end
Propagation of 2 @ 102” from end
565 Crack 6 side A
@ 30” from end
Continuation of 5 @ 59 '2” from end
585 Crack down middle of top noticed
620 Crack 7 side A
Continuation of 6 @ 30” from end
Continuation of 5 @ 36” from end
Continuation of 5 @ 41 '2” from end
Continuation of 5 @ 49” from end
Propagation of 5 @ 54 '%” from end
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Propagation of 6 @ 59 '2” from end
Continuation of 3 @ 95” from end
Continuation of 2 and 5 @ 102” from end
@ 111 2" from end
@ 114” from end
Continuation of 2 @ 119” from end
@ 124 '5” from end
Failure Continuation of nearly all cracks and new crack @
83” from end
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Figure B.93- CSI-11-2/16-13-B — Crack Map
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Figure B.94- Plan of CSI-11-2/16-9 Instrumentation
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Figure B.95- Elevation of CSI-I1-2/16-9 Instrumentation
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Figure B.96- CSI-11-2/16-9 Test Set-up
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Figure B.97- CSI-11-2/16-9 Set-up Details
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Test Designation

CSI-11-2/16-9-A

Test Date 30-Nov-01
Slab

specimen width 6 ft (3 panels)
span length 7 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0988 in
rib height 2.00in
cross sectional area 1.3374 in?/ft
yield stress 47.0 ksi
ultimate strength 57.5 ksi
embossment yes
Concrete

type normal weight
compressive strength 3753 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 8.16 kip/ft
midspan deflection at maximum load 246 in
quarter point 1 deflection at maximum load 2.00in
quarter point 2 deflection at maximum load 2.20in
relative end slip at maximum load 0.36in
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| | Load vs. Mid Span Deflection (TTTTTTT1
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Figure B.98- CSI-I1-2/16-9-A — Load vs. Mid-span Deflection
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Figure B.99- CSI-11-2/16-9-A — Load vs. Mid-span Strain
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\ \ Load vs. Quarter Point 1 Deflection
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Figure B.100- CSI-1I-2/16-9-A — Load vs. Quarter Point 1 Deflection
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Figure B.101- CSI-II-2/16-9-A — Load vs. Quarter Point 1 Strain
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| Load vs. Quarter Point 2 Deflection (TT 1T 1111
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Figure B.103- CSI-I1-2/16-9-A — Load vs. Quarter Point 2 Strain
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Load (k/ft)
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\ \ Load vs. Relative End Slip
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Figure B.105- CSI-II-2/16-9-A — Load vs. End Slip
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Test Notes and Crack Maps

9ft 16G Simple Span Test Specimen A (November 30, 2001)

Load, kips: Notes:
50 Popping heard
58 Loud creaking/popping
Load reaches 58k then drops to 56k
60 Very loud popping

Crack 1 side A
@ 22 %" from end
@ 84” from end
Crack 1 side B
@ 28” from end
@ 34” from end
@ 81” from end
80 Crack 2 side A
Continuation of 1 @ 22 '%” from end
@ 29” from end
@ 35” from end
@ 72 '5” from end
Continuation of 1 @ 84” from end
Crack 2 side B
Continuation and propagation of 1 @ 28” from end
@ 40” from end
@ 69 '5” from end
Continuation of 1 @ 81” from end
95 Crack 3 side A
@ 18 '5” from end
Propagation and continuation of 2 (@ 29 from end
Continuation of 2 @ 35”
@ 77 Y2 from end
Crack 3 side B
@ 21” from end
@ 40” from end
Continuation of 2 @ 81” from end
@ 87 from end
Failure Continuation and propagation of existing cracks
New cracks side A
@ 41 '5” from end
@ 65 from end
New cracks side B
@ 45” from end
@ 75 Y% from end

224



|

[

WL\
o~
™
™
o
>

(S I e R

A

| ) [ M|

Wz

g 30IS 'V NIWIO3d4S D91 336

v 30IS 'V NIWIO3dS Dol 3346

Figure B.106- CSI-I11-2/16-9-A — Crack Maps
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Test Designation CSI-liI-2/16-9-B
Test Date 1-Dec-01
Slab

specimen width 6 ft (3 panels)
span length 7 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0988 in
rib height 2.00in
cross sectional area 1.3374 in?/ft
yield stress 47.0 ksi
ultimate strength 57.5 ksi
embossment yes
Concrete

type normal weight
compressive strength 3753 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 8.42 kip/ft
midspan deflection at maximum load 2.03in
quarter point 1 deflection at maximum load 1.76 in
quarter point 2 deflection at maximum load 1.60 in
relative end slip at maximum load 0.26 in
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Figure B.108- CSI-I11-2/16-9-B — Load vs. Mid-span Strain

227



| Load vs. Quarter Point 1 Deflection (TT 1111
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Figure B.109- CSI-11-2/16-9-B — Load vs. Quarter Point 1 Deflection
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Figure B.110- CSI-11-2/16-9-B — Load vs. Quarter Point 1 Strain
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| Load vs. Quarter Point 2 Deflection (TIT1 111
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Figure B.112- CSI-11-2/16-9-B — Load vs. Quarter Point 2 Strain
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\ Load vs. Relative End Slip
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Test Notes and Crack Maps
9ft 16G Simple Span Test Specimen B (December 1, 2001)

Load, kips: Notes:
50 First Popping
60 Load reaches 60k, very loud popping, load drops to 57k

PT 3 moved, reading about 0.090 others reading 0.004
Crack 1 side A
@ 24” from end
60 Loud popping again as pass 60k for second time
Crack 2 side A
Continuation of 1 @ 24” from end
Crack 2 side B
@ 28” from end
65 Crack 3 side A
@ 30” from end
@ 77 from end
@ 83” from end
Crack 3 side B
Continuation of 2 @ 28” from end
70 Crack 4 side A
Continuation of 2 @ 24” from end — almost horizontal
@ 25” from end connecting to 1 @ 24” from end
Continuation of 3 @ 30” from end
@ 35” from end
Continuation of 3 @ 77” from end
Continuation of 3 @ 83” from end
Crack 4 side B
Continuation of 3 @ 28” from end
@ 81” from end
@ 88 '4” from end
77 Crack 5 side A
Continuation of 4 @ 24” from end — almost horizontal
Continuation of 4 @ 30” from end
@ 41” from end — vertical 1” crack
@ 65 from end
@ 71” from end
Crack 5 side B
Continuation of 3 @ 28” from end — almost horizontal
@ 34 '5” from end
@ 40 '5” from end
@ 70” from end
Continuation of 4 @ 81” from end
Propagation of 4 @ 88 '2” from end
83 Crack 6 side A
Continuation of 5 @ 24” from end
Continuation of 4 @ 83” from end
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Crack 6 side B
Continuation of 5 @ 81” from end
Continuation of 5 @ 88 2’ from end
87 Loud pop
Crack 7 side A
Continuation of 5 @ 30” from end
Continuation of 4 @ 35” from end
93 Crack 8 side A
@ 18” from end
Continuation of 6 @ 24” from end
Continuation of 5 @ 65” from end
Continuation of 5 @ 71” from end
Propagation of 3 @ 77” from end
Continuation of 4 @ 77” from end
Continuation of 6 @ 83” from end
Crack 8 side B
@ 21 2" from end
Continuation of 5 @ 28” from end
Continuation of 5 @ 70” from end
Continuation of 6 @ 81” from end
Continuation of 6 @ 88 '2” from end
97 Starting to see fracturing of side B crack 5 @ 27 from end
Crack 9 side A
Continuation of 8 @ 18” from end
Continuation of 7 @ 30” from end
@ 89” from end
Crack 9 side B
Continuation of 5 @ 34 '4” from end
Propagation of 5 @ 40 '2” from end
99 Mostly just widening of existing cracks
Vertical separation/slip between two adjacent concrete sections
near second load side B
Crack 10 side A
Continuation of 9 @ 18” from end
Crack 10 side B
Continuation of 8 @ 70” from end
Continuation of 8 @ 81” from end
Continuation of 8 @ 88 '4” from end
100 Crack 11 side A
Continuation of 10 @ 18” from end
Continuation of 9 @ 30” from end
Crack 11 side B
Continuation of 3 @ 28” from end
Continuation of 9 @ 34 '4” from end
Failure Continuation and propagation of numerous cracks on both sides
New cracks side B @ 75 '2” and 93 '4” from end
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Figure B.115- CSI-11-2/16-9-B — Crack Maps
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APPENDIX C - Series III Simple Span Test Data
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SERIES TIT 13ft SET-UP
SECTION B-B
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Figure C.4— Details of CSI-I11-2/20-13 Test Set-Up
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Test Designation

CSI-l11-2/20-13-A

Test Date 20-May-02
Slab

specimen width 6 ft (3 panels)
span length 13 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange"

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in%/ft
yield stress 47.0 ksi
ultimate strength 56.8 ksi
embossment yes
Concrete

type normal weight
compressive strength 4874 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 488 psf
midspan deflection at maximum load 3.81in

4ft deflection at maximum load 3.491in

9ft deflection at maximum load 3.391in
relative end slip at maximum load 0.311in
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J Load vs. Mid Span Deflection
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Figure C.6— CSI-111-2/20-13-A — Load vs. Mid-span Strain
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\ J Load vs. Deflection at 4ft
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Figure C.8— CSI-III-2/20-13-A — Load vs. Strain at 4ft
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l J Load vs. Deflection at 9ft
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Figure C.10- CSI-III-2/20-13-A — Load vs. Strain at 9ft
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Load vs. Strain at 2ft
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l J Load vs. Relative End Slip
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Figure C.14— CSI-111-2/20-13-A — Load vs. End Slip
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Test Notes and Crack Maps

CSI-III-2/20-13-A (May 20, 2002)

Load, kip/ft:
8.0-1.2
1.03

1.30

1.51

1.59

1.87

2.08

2.15

Notes:
Loud Noises
Crack 1 side A
@ 4°-2 ¥ from end
Crack 1 side B
@ 4°-2 ¥ from end
Crack 2 side A
@ 3°-9 2” from end
@ 9°-5/8” from end
Crack 2 side B
@ 3°-7” from end
@ 8°-9” from end
Crack 3 side A
@ 4°-8 2” from end
@ 7°-9 Y4 from end
@ 8’-7 ¥4 from end
Continuation of Crack 2 @ 9°-5/8” from end
Crack 3 side B
Continuation of Crack 2 @ 3’-7” from end
@ 8-4” from end
@ 9°-3” from end
Loud Popping/Cracking Noises
Crack 4 side A
Continuation of Crack 2 @ 3°-9 '4” from end
@ 5°-2 2" from end
Branching of Crack 3 @ 9°-5/8” from end
Crack 4 side B
Continuation of Crack 3 @ 3’-7” from end
@ 4°-10” from end
@ 5°-3 5/8” from end
Crack 5 side A
Continuation of Crack 3 @ 4’-8 /4" from end
Branching and Continuation of Crack 3 @ 8’-7 %4” from end
Crack 5 side B
Branching of Crack 3 @ 3’-7” from end
Continuation of Crack 1 @ 4’-2 %+ from end
@ 7°-9 7/8” from end
Branching of Crack 3 @ 8’-4” from end
Continuation of Crack 3 @ 9°-3” from end
Crack 6 side A
@ 7°-8 7/8” from end
Continuation of Crack 3 and Crack 4 @ 9°-5/8” from end
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Crack 6 side B
Continuation of Crack 4 @ 3°-7” from end
Continuation and Branching of Crack 4 @ 9°-3” from end

2.26 Crack 7 side B
Continuation of Crack 3 @ 9°-3” from end
2.38 Crack 8 side A

Branching of Crack 2 @ 3°-9 '%” from end
Branching of Crack 5 @ 4°-8 2" from end
Crack 8 side B
Continuation of Crack 4 @ 4’-10”
Continuation of Crack 5 @ 8’-4” from end
2.40 Crack 9 side B
Continuation of Crack 6 @ 9°-3” from end
2.40-Failure Loud sounds but no new cracks
Failure Crack F side A
Branching of Crack 1 @ 4°-2 '2” from end
Continuation of Crack 6 @ 9°-5/8” from end
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Figure C.15- CSI-I11-2/20-13-A — Crack Maps
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Test Designation

CSI-111-2/20-13-B

Test Date 20-May-02
Slab

specimen width 6 ft (3 panels)
span length 13 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange"

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in%/ft
yield stress 47.0 ksi
ultimate strength 56.8 ksi
embossment yes
Concrete

type normal weight
compressive strength 4874 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 453 psf
midspan deflection at maximum load 3.62in

4ft deflection at maximum load 3.17 in

9ft deflection at maximum load 3.191in
relative end slip at maximum load 0.311in
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l l Load vs. Mid Span Deflection
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Figure C.16— CSI-I11-2/20-13-B — Load vs. Mid-span Deflection
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Figure C.17- CSI-111-2/20-13-B — Load vs. Mid-span Strain
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J Load vs. Deflection at 4ft
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l J Load vs. Deflection at 9ft

Load (kip/ft)

CSI-I-2/20-13-B jENEEN

L 500
L 400
L 300

L 200

—&— Defl. 9ft A
—O— Defl. 9ft B

L 100

Deflection (in)
Figure C.20- CSI-I11-2/20-13-B — Load vs. Deflection at 9ft
| | Load vs. Strain at 9ft

Equivalent Uniform Load (psf)

Load (kip/ft)

CSI-1I-2/20-13-B L

| 500
| 400
| 300
| 200

L 100

-400 -200 0 200 400 600 800

Strain (microstrain)

Figure C.21- CSI-111-2/20-13-B — Load vs. Strain at 9ft
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| Load vs. Strain at 2ft
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Figure C.23— CSI-111-2/20-13-B — Load vs. Strain at 11ft
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Load vs. Relative End Slip
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Test Notes and Crack Maps

CSI-I1-2/20-13-B (May 20, 2002)

Popping noises almost instantaneous with application of load
Strain gage 2 did not function properly

Load, kip/ft: Notes:
0.74-1.10 Loud Noises
1.10 Crack 1 side A
@ 4°-2 /& from end
@ 8’-8 4” from end
Crack 1 side B
@ 4°-3 1/8” from end
@ 7°-9 2 from end
@ 8’-9 4 from end
1.27 Crack 2 side A
Continuation of Crack 1 @ 4’-2 '4” from end
Continuation of Crack 1 @ 8’-8 4” from end
Crack 2 side B
Branching of Crack 1 @ 4’-3 1/8” from end
@ 4°-9 & from end
Continuation of Crack 1 @ 8’-8 /4 from end
Continuation and Branching of Crack 1 @ 8’-9 4” from end
1.55 Crack 3 side B
@ 3°-9” from end
@ 9°-4” from end
1.84 Crack 4 side A
@ 3°-9” from end
@ 4°-8” from end
@ 9°-1 & from end
Crack 4 side B
Continuation of Crack 2 @ 4°-9 4 from end
@ 5°-3 & from end
Continuation of Crack 2 @ 8’-9 4” from end
Continuation of Crack 3 @ 9’-4” from end
2.05 Crack 5 side A
Continuation of Crack 4 @ 3’-9” from end
@ 7°-3 Y4 from end
Continuation and Branching of Crack 4 @ 9°-1 4” from end
Crack 5 side B
Continuation of Crack 3 @ 3’-9” from end
Continuation of Crack 4 @ 9°’-4” from end
2.17 Crack 6 side A
Branching of Crack 4 @ 3°-9” from end
@ 5’-3” from end
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2.22

2.27

2.33

Continuation of Crack 2 @ 8’-8 4” from end
Crack 6 side B

Branching of Crack 2 @ 7°-9 '2” from end

Continuation of Crack 4 @ 8’-9 '4” from end

Continuation of Crack 5 @ 9°-4” from end
Crack 7 side A

Continuation of Crack 5 @ 3°-9” from end

Continuation of Crack 2 @ 4°-2 '2” from end

Continuation of Crack 4 @ 4’-8” from end

Continuation of Crack 5 @ 9°-1 '4” from end
Crack 7 side B

Continuation of Crack 4 @ 5°-3 '4” from end
Crack 8 side A

Branching of Crack 7 @ 3’-9” from end

@ 5°-9 Y4 from end
Crack 9 side A

Continuation of Crack 4 and Crack 6 @ 4’-9” from end

Crack 9 side B
Continuation of Crack 3 @ 3°-9” from end
Continuation of Crack 4 @ 4°-9 '+ from end
Continuation of Crack 6 @ 8’-9 '4” from end
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Figure C.30- Details of CSI-II1-2/20-7 Test Set-Up
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Test Designation CSI-lli-2/20-7-B
Test Date 17-May-02
Slab

specimen width 6 ft (3 panels)
span length 7 ft end span
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange"

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in%/ft
yield stress 47 .1 Ksi
ultimate strength 56.9 ksi
embossment yes
Concrete

type normal weight
compressive strength 4874 psi
total depth 6.0in

cover depth 4.0in

Test Results

maximum load 1830 psf
midspan deflection at maximum load 2.180 in

2ft deflection at maximum load 1.840in

5ft deflection at maximum load 1.980 in
relative end slip at maximum load 0.3780in
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Load vs. Mid Span Deflection
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Figure C.31- CSI-111-2/20-7-A/B — Load vs. Mid-span Deflection
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Figure C.32— CSI-I11-2/20-7-A/B — Load vs. Mid-span Strain
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Load vs. Deflection at 2ft
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Figure C.34— CSI-I11-2/20-7-A/B — Load vs. Strain at 2ft
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Load vs. Deflection at 5ft
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1 Load vs. Strain at 11t

CSI-I11-2/20-7-A/B

—&— Series Il 7A-SG 1
—O— Series lll 7TA - SG 2
—w— Series Il 7A-SG 3
—— Series lll 7TA-SG 4
@ Series Il 7B - SG 1
O Series Il 7B - SG 2
-y Series Il 7B -SG 3

- 1500
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Strain (microstrain)

Figure C.38— CSI-111-2/20-7-A/B — Load vs. Strain at 6ft
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Figure C.37- CSI-I11-2/20-7-A/B — Load vs. Strain at 1ft
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Load vs. Relative End Slip

NN EEEY

Load (k/ft)

CSI-I11-2/20-7-A/B

6 - 2000
5 -

- 1500
4 -
3 A - 1000
2 -

- 500
1 -
0 0

1.0

End Slip (in)

—&— Series Il 7A - End Slip 1
—O— Series Il 7A - End Slip 2
—w— Series Il 7A - End Slip 3
—— Series lll 7A - End Slip 4
--@-- Series Il 7B - End Slip 1
O+ Series Il 7B - End Slip 2
-y Series Ill 7B - End Slip 3
-+ Series Il 7B - End Slip 4

Figure C.39- CSI-II1-2/20-7-A/B — Load vs. Relative End Slip

Equivalent Uniform Load (psf)
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| | Load vs. Relative End Slip

Load (k/ft)

CSI-I11-2/20-7-A/B

NN

7
0.2
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- 1500
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Series Il 7A - PT2
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Series Il 7A-PT 5
Series Il 7A - PT6
Series lll 7A - PT7
Series Il 7A - PT8

Series Il 7B - PT 1
Series Il 7B - PT 2
Series Il 7B - PT 3
Series Il 7B - PT 4

- Series Il 7B - PT 5
- Series Il 7B - PT 6
- Series Il 7B -PT 7
- Series Il 7B - PT 8

Figure C.40— CSI-II11-2/20-7-A/B — Load vs. End Slip

Equivalent Uniform Load (psf)
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Test Notes and Crack Maps — A

CSI-II-2/20-7-A (May 16, 2002)

Preload to 0.71 kip/ft

Load, kip/ft:
0.75(2.36)

0.95(2.98)

1.11(3.49)

1.35(4.24)

1.59(4.99)

1.67(5.24)

Notes:
Loud Noises
Crack 1 side A
@ 2°-3” from end
Loud Noises
Crack 2 side A
Continuation of Crack 1 @ 2’-3” from end
@ 4°-8 ¥ from end
Crack 2 side B
@ 2°-3 2 from end
@ 4°-9 & from end
Crack 3 side A
Continuation of Crack 2 @ 2’-3” from end
Crack 3 side B
Continuation of Crack 2 @ 2°-3 /%" from end
Continuation of Crack 2 @ 4°-9 '4” from end
Loud Popping/Cracking Noises
Crack 4 side A
Branching of Crack 2 @ 2’-3” from end
@ 5°-3” from end
Crack 4 side B
Continuation of Crack 3 @ 2’-3 '4” from end
Continuation of Crack 3 @ 4’-9 '4” from end
@ 5°-3 2" from end
Flaking off on concrete and rotation at ends
Crack 5 side A
@ 1’-8” from end
Continuation of Crack 3 @ 2’-3” from end
Branching of Crack 2 @ 4°-8 %2 from end
Continuation of Crack 4 @ 5°-3” from end
Crack 5 side B
@ 1°-9” from end
Branching and Continuation of Crack 4 @ 5°-3 '4” from end
Embossments pushing out
Crack 6 side A
@ 2°-9” from end
@ 4°-8 ¥ from end
Crack 6 side B
@ 2°-8 4" from end
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1.72(5.39)

Failure

@ 4°-4” from end
Crack 7 side A
Continuation of Crack 5 @ 1°-8” from end
Branching of Crack 4 @ 5°-3” from end
Crack 7 side B
Continuation of Crack 5 @ 1’-9” from end
Continuation of Crack 4 @ 2°-3 '4” from end
Continuation of Crack 5 @ 5°-3 '2” from end
Crack F side A
Branching of Crack 7 @ 1’-8” from end
@ 3°-3 2" from end
@ 3’-9” from end
Crack F side B
Branching of Crack 7 @ 1°-9”
@ 3°-3” from end
@ 3’-10” from end
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Figure C.41- CSI-II1-2/20-7-A— Crack Maps
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Test Notes and Crack Maps - B

CSI-111-2/20-7-B (May 17, 2002)

Preload to 1.27 kip/ft

Load, kip/ft:

1.59
2.40

3.00

3.46

3.94

4.57

5.17

5.31

5.36

Notes:

Loud Noises
Loud Noises
Crack 1 side A
@ 1°-8 %2’ from end
@ 4°-9 & from end
Crack 1 side B
@ 2°-2 2" from end
@ 4°-10” from end
Crack 2 side A
Continuation of Crack 1 @ 1’-8 '42” from end
Branching of Crack 1 @ 4°-9 '%” from end
Crack 2 side B
Continuation of Crack 1 @ 2’-2 '5” from end
Crack 3 side A
Branching of Crack 1 @ 1°-8 '2” from end
Continuation of Crack 2 @ 4°-9 '4” from end
Crack 4 side A
Branching of Crack 2 @ 1°-8 '2” from end
Continuation of Crack 3 @ 1’-8 '4” from end
@ 5°-2” from end
Crack 4 side B
@ 5°-3” from end
Crack 5 side A
Continuation of Crack 4 @ 1’-8 '4” from end
@ 2°-9 & from end
Branching of Crack 4 @ 5°-2” from end
Crack 5 side B
Continuation of Crack 4 @ 5°-3” from end
Crack 6 side A
@ 1°-9 2 from end
Crack 6 side B
@ 1°-9 & from end
Crack 7 side A
Continuation of Crack 6 @ 1°-9 '4” from end
@ 3°-3” from end
Crack 7 side B
Branching of Crack 1 @ 4’-10”
Crack 8 side A
Continuation of Crack 3 @ 4°-9 '+ from end
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Continuation of Crack 5 @ 5°-2” from end
Crack 8 side B
Branching of Crack 6 @ 1°-9 4” from end
Branching of Crack 5 @ 5°-3” from end
Failure Crack F side A
Branching of Crack 7 @ 1°-9 '2” from end
Branching of Crack 3 @ 2’-2 '%” from end
Continuation of Crack 5 @ 2’-9 '+ from end
Continuation of Crack 7 @ 3°-3” from end
@ 3°-8 Y4” from end
@ 4°-3” from end
Crack F side B
@ 3°-4” from end
@ 3’-9” from end
@ 4°-3” from end
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Figure C.42— CSI-I11-2/20-7-B — Crack Maps
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APPENDIX D - Series III Continuous Spans Test Data
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Strain:
SG1 — SG40
Deflection:

6FT A

6FT B

10FT A

10FT B

14FT A

14FT B

26FT A

26FT B

30FT A

30FT B

34FT A

34FT B
End Slip:

PTI
PT2
PT3
PT4
PT5
PT6
PT7
PT8

SIDE A

PT2

SIDE B

PT3

SPAN 1 - 20'-0"

PT1

10FT A 10FT B

SPAN 2 - 20'-0"

26FT A 26FT B

4—q~

_o*

_g*

PTS

30FT A 30FT B

34FT A 34FT B

PT4

LINE 1 <SG - SG4>

LINE 2 (SGS - SG8&

LINE 3 (SG9 - SG 12

LINE 4 (SG13 - SG16)

LINE 5 (SG17 - SGao

- —& MIDDLE SUPPORT

LINE 6 (SG2l - SG24>

LINE 7 (SG25 - SG28>

LINE 8 (SG29 - SG32)

LINE 9 (SG33 - SG36)

LINE 10 (SG37 - SG40>

INSTRUMENT LAYOUT

SE

RIES III

Figure D.1- Plan of CSI-III-2/20-20c Instrument Layout

VL, §1

0, ST 5 .5, T

VS, §

INSTRUMENT LAYOUT-CONTINUOUS SILAE TEST

¢ STRAIN GAGES
XWIRE POTS

Figure D.2— Elevation of CSI-II1-2/20-20c Instrument Layout
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Figure D.3— Elevation of CSI-II1-2/20-20c Test Set-Up
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SECTION A-A
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SERIES JIT 20ft 20G CONTINUOUS SLAB SET-UP
SECTION B-B

Figure D.4— Sections of CSI-II1-2/20-20¢ Test Set-Up
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Figure D.5— Details of CSI-I11-2/20-20c Test Set-Up
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Test Designation

CSlI-ll1-2/20-20c-A

Test Date 25-May-02
Slab

specimen width 6 ft (3 panels)
span length (2) 20ft spans
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0358 in
rib height 2.00in
cross sectional area 0.7942 in’/ft
yield stress 48.8 ksi
ultimate strength 57.1 ksi
embossment yes
Concrete

type normal weight
compressive strength 4324 psi
total depth 6.0 in

cover depth 4.0in
Rebar

size #6
designation ASTM Gr 60
spacing 6 1/4" (typ.)
cover 3/4" (min.)
Test Results

maximum load 2.57 kip/ft
10ft deflection at maximum load 6.310in
30ft deflection at maximum load 5.870in

6ft deflection at maximum load 6.800 in
14ft deflection at maximum load 3.790 in
26ft deflection at maximum load 3.510in
34ft deflection at maximum load 6.440 in
relative end slip at maximum load 0.328 in
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 10ft
CSI-llI-2/20-20C-A

'U/ ol 0, = 2.68Kip/t

—0— 10ft A
—O— 10ftB

-2 -4 -6

Deflection (in)

Figure D.6— CSI-111-2/20-20c-A — Load vs. Deflection at 10ft

Load vs. Strain at 10ft
CSI-llI-2/20-20C-A

—&— SG9

T T

-600 -400 -200 0

Strain (microstrain)

Figure D.7— CSI-I1I-2/20-20c-A — Load vs. Strain at 10ft

200

277



Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 30ft
CSI-llI-2/20-20C-A

3 .
| o1y
: q,; = 2.68kip/ft

Deflection (in)

Figure D.8— CSI-111-2/20-20c-A — Load vs. Deflection at 30ft

Load vs. Strain at 30ft
CSI-11l-2/20-20C-A

3
—8— SG 29
—0O— SG 30
—v— SG 31
—/— SG 32
2 .
1 4
0 T T T /w
-800 -600 -400 -200 0

Strain (microstrain)

Figure D.9— CSI-III1-2/20-20c-A — Load vs. Strain at 30ft

200
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 6ft
CSI-111-2/20-20C-A

—@— 6ft A

O T T T
0 -2 -4 -6 -8
Deflection (in)
Figure D.10— CSI-I11-2/20-20c-A — Load vs. Deflection at 6ft
Load vs. Strain at 6ft
CSI-IlI-2/20-20C-A
3
—&— SG5
-400 -200 0 200 400 600 800 1000

Strain (microstrain)

Figure D.11- CSI-I11-2/20-20c-A — Load vs. Strain at 6ft
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 14ft
CSI-llI-2/20-20C-A

3
—0— 14ft A
—O— 14ft B
2 .
1 .
O T T ™ T
0 -1 2 -3 4
Deflection (in)
Figure D.12— CSI-II11-2/20-20c-A — Load vs. Deflection at 14ft
Load vs. Strain at 14ft
CSlI-Ill-2/20-20C-A
3
—&— SG 13
2 .
1 .
0

-300 -200 -100 0 100
Strain (microstrain)

Figure D.13— CSI-111-2/20-20c-A — Load vs. Strain at 14ft

200
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 26ft
CSI-llI-2/20-20C-A

—@— 26ft A
—O— 26ftB

O T T T T T

0 1 2 3 4
Deflection (in)
Figure D.14— CSI-I11-2/20-20c-A — Load vs. Deflection at 26ft

Load vs. Strain at 26ft
CSI-ll-2/20-20C-A

—0— SG 25

-200 -100 0 100
Strain (microstrain)

Figure D.15— CSI-I11-2/20-20c-A — Load vs. Strain at 26ft

200
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 34ft
CSI-llI-2/20-20C-A

3
—0— 34ftA
—O— 34ftB
2 .
°
1 .
°
0 T T T T T
0 2 4 6 8
Deflection (in)
Figure D.16— CSI-II1-2/20-20c-A — Load vs. Deflection at 34ft
Load vs. Strain at 34ft
CSI-111-2/20-20C-A
3
—&— SG 33
2 -
1 4
0
-600 -400 -200 0 200 400 600 800

Strain (microstrain)

Figure D.17— CSI-I11-2/20-20c-A — Load vs. Strain at 34ft

1000
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Load (kip/ft)

Load (kip/ft)

Load vs. Strain at 3ft
CSI-11l-2/20-20C-A

—&— SG 1

T

-600 -400 -200 200
Strain (microstrain)
Figure D.18— CSI-II1-2/20-20c-A — Load vs. Strain at 3ft
Load vs. Strain at 37ft
CSI-11-2/20-20C-A
3
—&— SG 37
—O— SG 38
—v— SG 39
—— SG 40
2 -
1 4
0 T T T
-600 -400 -200 0 200

Strain (microstrain)

Figure D.19— CSI-111-2/20-20c-A — Load vs. Strain at 37ft
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Load vs. Strain at 17ft
CSI-llI-2/20-20C-A

3
5
-
=3
©
48
-
-200 -150 -100 -50 0 50 100
Strain (microstrain)
Figure D.20— CSI-I11-2/20-20c-A — Load vs. Strain at 17ft
Load vs. Strain at 23ft
CSI-111-2/20-20C-A
3
2 .
=
=
4 5
®
(@]
-
_ 1
0
-200 200

Strain (microstrain)

Figure D.21- CSI-111-2/20-20c-A — Load vs. Strain at 23ft
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Load (kip/ft)

Load (kip/ft)

Load vs. Rebar Strain at 19ft
CSI-llI-2/20-20C-A

3
2 .
1 4
O g T T T
0 500 1000 1500 2000
Strain (microstrain)
Figure D.22— CSI-I11-2/20-20c-A — Load vs. Rebar Strain 19ft
Load vs. Rebar Strain at 21ft
CSI-111-2/20-20C-A
3
2 .
1 .
) —o— A4
—O— B4
—v— C4
0 1 T T
-600 -400 -200 0 200 400 600 800 1000 1200

Strain (microstrain)

Figure D.23— CSI-1I1-2/20-20c-A — Load vs. Rebar Strain 21ft
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Load (kip/ft)

Load (kip/ft)

Load vs. Rebar Strain at 20ft
CSI-llI-2/20-20C-A

—0— A2
—O— A3
—v— B2
—— B3
—a— C2
—1+— C3

0 1000 2000 3000 4000
Strain (microstrain)
Figure D.24— CSI-111-2/20-20c-A — Load vs. Rebar Strain 20ft

Load vs. Crack Width Over Interior Support
CSI-111-2/20-20C-A

3
2
1 4
—0— Whit 1
—O— Whit 2
—v— Whit 3
—— Whit 4
0 T T T
0.0 0.1 0.2 0.3

Crack Width (in)
Figure D.25— CSI-I11-2/20-20c-A — Load vs. Crack Width Over Support
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Load vs. Relative End Slip
CSI-I11-2/20-20C-A

3

2 .

1 -
—0— end slip 1
—O— end slip 2
—— endslip 3
—— endslip4

0 T

0.0 0.2 0.4 0.6
Relative End Slip (in)
Figure D.26— CSI-I11-2/20-20c-A — Load vs. Relative End Slip

287



Test Notes and Crack Maps

Series III Continuous A (May 25, 2002)

Scans 1 — 6 Load Frame

Load, kip/ft:
0.19

0.01
0.38

0.54

0.65
0.72

0.82

0.90

0.98

Notes:
Preload - Crack 1 top — hairline cracks over interior support
Crack 1 side A
@ 20’-0” from end
@ 20°-3” from end
Crack 1 side B
@ 19°-6 '4” from end
@ 20°-3 '5” from end
Preload - Crack 2 top — hairline cracks over interior support
Crack 3 top — hairline cracks over interior support
Crack 3 side B (negative moment cracks)
@ 19°-3/4” from end
@ 20’ 9-1/4” from end
@ 21°-2 %" from end
Crack 4 top — hairline cracks over interior support
Crack 4 side A (negative moment cracks)
@ 21’-3 14" from end
Some popping noises
More frequent and loud popping noises
Crack 5 top - hairline cracks over interior support
Crack 5 side A (negative moment cracks)
@ 18’-6 3/8” from end
Crack 5 side B (negative moment cracks)
@ 18°-5 %" from end
@ 21°-7 %" from end
Crack 6 side A (positive moment cracks)
@ 34°-3 '5” from end
Crack 7 top — hairline cracks over interior support
No longer looking for cracks in top of slab, numerous well developed
cracks already noted
Crack 8 side A (positive moment cracks)
@ 5’-7” from end
@ 34°-9” from end
Crack 8 side A (negative moment cracks)
Continuation of Crack 1 @19°-6 5/8” from end
Continuation of Crack 1 @ 20°-0” from end
@ 20°-10” from end
Crack 8 side B (positive moment cracks)
@ 5°-7” from end
@ 34°-3 '5” from end
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@ appr. 34’-8” from end
Louder, more frequent noise
1.06 Crack 9 side A (positive moment cracks)
@ 5°-2 % from end
@ 31°-9” from end
@ 33°-2 '5” from end
Crack 9 side A (negative moment cracks)
@ 20°-8 7/8” from end
Continuation of Crack 4 @ 21°-3 ’2” from end
@ 22°-3 7/8” from end
Crack 9 side B (positive moment cracks)
@ 33°-3 '52” from end
@ 33°-10” from end
Continuation of Crack 8 @ 34°-3 '2” from end
Continuation of Crack 8 @ 34°-8 2" from end
Crack 9 side B (negative moment cracks)
@ 17°-5” from end
@ 18’-1” from end
@ 22°-2 5" from end
@ 22°-5 % from end
Louder, more frequent popping and cracking noises
1.18 Crack 10 side A (positive moment cracks)
Continuation of Crack 8 @ 34°-9” from end
Crack 10 side A (negative moment cracks)
@ 17°-10 1/8” from end
Crack 10 side B (positive moment cracks)
@ 5°-2 3/4” from end
@ 32°-4” from end
Crack 10 side B (negative moment cracks)
Continuation of Crack 9 @ 22°-2 2 from end
@ 22’-11 2" from end
1.19 Crack 11 side A (positive moment cracks)
@ 6°-3 1/4” from end
@ 33°-9” from end
Crack 11 side A (negative moment cracks)
@ 17°-2 3/4” from end
@ 22°-10 % from end
Crack 11 side B (positive moment cracks)
@ 6°-2 3/4” from end
@ 6°-9 1/2” from end
@ 7°-2 & from end
Started recording Whitmore readings every third load stage
1.37 Crack 12 side A (positive moment cracks)
Continuation of Crack 9 @ 31°-9” from end
@ 32°-9” from end
Crack 12 side B (positive moment cracks)
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1.49

1.61

1.72

1.84

1.91

1.99

2.09

Continuation of Crack 10 @ 32’-4” form end
@ 32°-9 1/2” from end
Crack 13 side A (positive moment cracks)
@ 7°-2 3/8” from end
@ 8’-2 1/2” from end
Continuation of Crack 6 @ 34°-3 '2” from end
Crack 13 side B (negative moment cracks)
@16°-8 %” from end
Crack 14 side A (positive moment cracks)
Continuation of Crack 9 @ 5°-2 3/4” from end
Continuation of Crack 8 @ 5°-7” from end
Continuation of Crack 11 @ 6°-3 1/4” from end
Continuation of Crack 9 @ 33°-2 %2 from end
Crack 14 side B (positive moment cracks)
Continuation of Crack 9 @ 33°-10” form end
Continuation of Crack 9 @ 34°-3 '2” from end
Continuation of Crack 9 @ 34°-8 ’2” from end
Continuation of Crack 11 @ 35°-3 3/4” from end
Crack 15 side A (positive moment cracks)
@ 32°-9” from end, Continuation of Crack 12
Crack 15 side B (positive moment cracks)
Continuation of Crack 10 @ 5°-2 3/4” from end
Continuation of Crack 8 @ 5°-9” from end
Continuation of Crack 11 @ 6°-2 3/4” from end
Crack 16 side A (positive moment cracks)
Continuation of Crack 13 @ 8’-2 1/2” from end
@ 32°-2 ', from end
Continuation of Crack 12 @ 32°-9” from end
Continuation of Crack 10 @ 34°-9” from end
Crack 17 side A (positive moment cracks)
Continuation of Crack 14 @ 5°-2 3/4” from end
Continuation of Crack 8 @ 5°-7” from end
Continuation of Crack 13 @ 7°-2 3/8” from end
Crack 17 side B (positive moment cracks)
Continuation of Crack 11 @ 6°-9 1/2” from end
Continuation of Crack 11 @ 7°-2 1/4” from end
@ 8’-3 & from end
Continuation of Crack 14 @ 34’-8 1/2” from end
Continuation of Crack 11 @ 55°-3 3/4” from end
Crack 18 side A (positive moment cracks)
Continuation of Crack 14 @ 33°-2 1/2” from end
Continuation of Crack 11 @ 33°-9” from end
Crack 18 side B (positive moment cracks)
Continuation of Crack 15 @ 5°-2 3/4” from end
Continuation of Crack 15 @ 5°-9” from end
Crack 19 side A (positive moment cracks)
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2.17

2.32

2.41

2.45

@ 9°-2 1/4” from end
Continuation of Crack 15 @ 5°-2 3/4” from end
@ 30°-9 3/4” from end
Crack 19 side A (negative moment cracks)
@ 16’-1 1/4” from end
@23°-6 '4” from end
Crack 19 side B (positive moment cracks)
@ 4°-8 3/4” from end
@ 8°-9” from end
@ 9°-2 1/2” from end
@ 9°-9 1/2” from end
@ 30°-9 '5” from end
Continuation of Crack 14 @ 33°-10” from end
@ 34’ -8 /& from end
Continuation of Crack 17 @ 34’-8 '4” from end
Continuation of Crack 17 @ 35°-3 3/4” from end
Crack 19 side B (negative moment cracks)
@ 23°-10 1/2” from end
Crack 20 side A (positive moment cracks)
@ 4°-9” from end
@ 6°-10 1/2” from end
@ 9°-8” from end
Crack 20 side B (positive moment cracks)
@ 7°-10 3/4” from end
@ 35°-10” from end
Crack 21 side A (positive moment cracks)
Continuation of Crack 16 @ 34°-9” from end
Crack 21 side B (positive moment cracks)
@ 4°-2 1/2” from end
@35°-10” from end
Crack 22 side A (positive moment cracks)
Continuation of Crack 17 @ 5°-2 % from end
Continuation of Crack 14 @ 6°-3 %4 from end
Continuation of Crack 20 @ 6°-10 ’5” from end
@ 7°-9 & from end
@ 31°-2 %5 from end
Continuation of Crack 12 @ 31°-9” from end
Continuation of Crack 16 @ 32°-2 '4” from end
Branch from Crack 16 @ 32°-9” from end
Branch from Crack 11 @ 33°-9” from end
Continuation of Crack 13 @ 34°-3 '%” from end
@35°-2 3/8” from end
@35°-7 3/8” from end
Crack 22 side B (positive moment cracks)
Continuation of Crack 15 @ 6°-2 % from end
Crack 23 side B (positive moment cracks)
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2.48

2.51

2.54

Failure

@ 31°-3 '5” from end
Branch from Crack 16 @ 32°-4” from end
Continuation of Crack 14 @ 34’-3 '4” from end
Crack 24 side A (positive moment cracks)
Continuation of Crack 14 @ 5°-7” from end
Continuation of Crack 10 @ 34’-9” from end
Crack 25 side B (positive moment cracks)
Continuation of Crack 21 @ 4’-2 '2” from end
Continuation of Crack 19 @ 4°-8 % from end
Continuation of Crack 18 @ 5°-2 %" from end
Continuation of Crack 9 @ 33°-3 2" from end
Crack 26 side A (positive moment cracks)
Continuation and Branching of Crack 18 @ 33°-2 /2" from end
Crack 26 side B (positive moment cracks)
Continuation of Crack 10 @ 5°-2 % from end
Branching from Crack 17 @ 7°-2 %4” from end
Continuation of Crack 23 @ 31°-3 '4” from end
Branching from Crack 19 @ 33°-10” from end
Numerous cracks on the top of the slab
Crack F side A (positive moment cracks)
Branching from Crack 14 @ 5°-2 %" from end
Branching from Crack 17 @ 5°-2 % from end
Branching from Crack 14 @ 5°-7” from end
Continuation of Crack 17 @ 7°-2 3/8” from end
Continuation of Crack 22 @ 7°-9 "4 from end
Continuation of Crack 24 (@ 34’-9” from end
Crack F side A (negative moment cracks)
@ 19°-4” from end
Branching from Crack 3 @ 19°-6 5/8” from end
Continuation of Crack 1 @ 20°-0” from end
@ 20°-7” from end
Crack F side B (positive moment cracks)
Branching from Crack 14 @ 34°-8 '%” from end
Maximum Deflection:
Span 1 — 6°-10” from end
Span 2 — 6°-5” from end
Corner Displacements:
Span 1 Side A —~7/16” Uplift; ~1/2” Slip
Span 1 Side B- ~5/16” Uplift; ~3/8” Slip
Span 2 Side A- ~7/16” Uplift; ~1/2” Slip
Span 2 Side B- ~9/16” Uplift; ~9/16” Slip
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Figure D.27- CSI-I11-2/20-20c-A — Crack Layout
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Figure D.28- CSI-111-2/20-20C-A — Span 1 Side A
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Figure D.29- CSI-111-2/20-20C-A — Span 1/Span 2 Side A
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Figure D.30- CSI-1I1-2/20-20C-A —Span 2 Side A
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4'-21/2"

25 (concealed)

6'-2 3/4"

752 1/47 6'-9 1/2"

Figure D.31- CSI-111-2/20-20C-A —Span 1 Side B
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9. 21/2%

8'-3 1/4"

10'-8 3/4"

Figure D.32- CSI-I11-2/20-20C-A —Span 1 Side B Cont.
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20'-3 1/2" 19'-10"

Figure D.33- CSI-111-2/20-20C-A —Span 1/Span 2 Side B
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Figure D.34- CSI-111-2/20-20C-A —Span 1/Span 2 Side B Cont.
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31'-3 1/2"

33'-3 1/2" 32'-9 172" 83 <08

Figure D.35- CSI-111-2/20-20C-A —Span 2 Side B
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Figure D.36- CSI-111-2/20-20C-A —Span 2 Side B Cont.
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Figure D.37- CSI-I11-2/20-20C-A — Interior Support
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Figure D.38- CSI-11I-2/20-20C-A — Interior Support Side A
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Figure D.39- CSI-111-2/20-20C-A —Interior Support Side B

305



Figure D.40- CSI-111-2/20-20C-A — End Condition Span 1

~

Figure D.41- CSI-111-2/20-20C-A — End Condition Span 2
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Test Designation

CSlI-l11-2/20-20c-B

Test Date 17-Jun-02
Slab

specimen width 6 ft (3 panels)
span length (2) 20ft spans
end detail see attached

deck anchorages

1/4" dia. Bolt at center of bottom flange

Deck

thickness 0.0358 in

rib height 2.00in
cross sectional area 0.7942 in%/ft
yield stress 48.5 ksi
ultimate strength 57.0 ksi
embossment yes
Concrete

type normal weight
compressive strength 4218 psi
total depth 6.0 in

cover depth 4.0in

Rebar

size #6
designation ASTM Gr 60
spacing 6 1/4" (typ.)
cover 3/4" (min.)

Test Results

maximum load

10ft deflection at maximum load
30ft deflection at maximum load
6ft deflection at maximum load
14ft deflection at maximum load
26ft deflection at maximum load
34ft deflection at maximum load

relative end slip at maximum load

2.5718 kip/ft
6.310in
5.870in
6.800 in
3.790 in
3.510in
6.440 in
0.328 in
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 10ft
CSI-1ll-2/20-20C-B

3 .
| o
v / s Qy = 2.67Kip/ft

2 .
1 4
—o— 10ft A
—O— 10ftB
I
|
O T T T T
0 2 4 6
Deflection (in)
Figure D.42- CSI-111-2/20-20C-B — Load vs. Deflection at 10ft
Load vs. Strain at 10ft
CSI-111-2/20-20C-B
3
—o— SG 10
—O— SG 11
—v— SG 12
2 -
1 -
0 - T

-600 -400 -200 0 200
Strain (microstrain)

Figure D.43- CSI-I11-2/20-20C-B — Load vs. Strain at 10ft

308



Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 30ft
CSI-llI-2/20-20C-B

31 -
u o
/ D Qy = 2.67kip/ft
2 .
1 .
—&— 30ft A
—O— 30ftB
0 T S T T
0 -2 -4 6
Deflection (in)
Figure D.44- CSI-111-2/20-20C-B — Load vs. Deflection at 30ft
Load vs. Strain at 30ft
CSlI-Ill-2/20-20C-B
3
—— SG 29
—O— SG 30
—v— SG 31
—v— SG 32
2 .
1 -
0 T T

-400 -200 0

Strain (microstrain)

Figure D.45- CSI-111-2/20-20C-B — Load vs. Strain at 30ft

200
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 6ft
CSI-llI-2/20-20C-B

—0— 6ftA
—O— 6ftB

o

T T T T

2 4 6 8

Deflection (in)

Figure D.46- CSI-I11-2/20-20C-B — Load vs. Deflection at 6ft

Load vs. Strain at 6ft
CSI-111-2/20-20C-B

T T

0 200 400 600 800 1000 1200 1400

Strain (microstrain)

Figure D.47- CSI-I11-2/20-20C-B — Load vs. Strain at 6ft
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 14ft
CSI-llI-2/20-20C-B

3
—0— 14ft A
—O— 14ftB
2 -
1 4
0 T T T T T
0 -1 -2 -3 -4
Deflection (in)
Figure D.48- CSI-111-2/20-20C-B — Load vs. Deflection at 14ft
Load vs. Strain at 14ft
CSI-111-2/20-20C-B
3
—&— SG 13
—O— SG 14
—¥— SG 15

-100 -50 0 50 100 150

Strain (microstrain)

Figure D.49- CSI-111-2/20-20C-B — Load vs. Strain at 14ft

200
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Load (kip/ft)

Load (kip/ft)

Load vs. Deflection at 26ft
CSI-11l-2/20-20C-B

3
—0— 26ft A
—O— 26ftB
2 .
1 -
0 T T T T
0 1 2 3 4
Deflection (in)
Figure D.50- CSI-111-2/20-20C-B — Load vs. Deflection at 26ft
Load vs. Strain at 26ft
CSI-1lI-2/20-20C-B
3
—— SG 25
—O— SG 26
2 .
1 .
0 - - T T T

-20 0 20 40 60 80 100 120 140
Strain (microstrain)

Figure D.51- CSI-111-2/20-20C-B — Load vs. Strain at 26ft
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Load vs. Deflection at 34ft
CSI-llI-2/20-20C-B

3
—@— 34ftA
4 —O— 34tB
2 .
1 =
S5
©
408
-l
— 1 b
0 T T A T T
0 2 4 6 8
Deflection (in)
Figure D.52- CSI-111-2/20-20C-B — Load vs. Deflection at 34ft
Load vs. Strain at 34ft
CSI-111-2/20-20C-B
3
—&— SG 33
—O— SG 34
— 2 ]
s
S
©
@
o)
[ -
1 -
0 T
-600 -400 -200 0 200 400 600 800 1000

Strain (microstrain)

Figure D.53- CSI-111-2/20-20C-B — Load vs. Strain at 34ft
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Load (kip/ft)

Load (kip/ft)

Load vs. Strain at 3ft
CSI-11l-2/20-20C-B

—— SG1
—O— SG 2
—v— SG3

-600 -400 -200 0 200

Strain (microstrain)

Figure D.54- CSI-I11-2/20-20C-B — Load vs. Strain at 3ft

Load vs. Strain at 371t
CSI-llI-2/20-20C-B

—0— SG 37
—O— SG 38

T J \4 T T T T

-400 -300 -200 -100 0 100
Strain (microstrain)

Figure D.55- CSI-111-2/20-20C-B — Load vs. Strain at 37ft
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Load vs. Strain at 171t
CSI-llI-2/20-20C-B

3
2 .
s
=
©
®
o
-
1 .
0
-200 -150 -100 -50 0 50 100
Strain (microstrain)
Figure D.56- CSI-I11-2/20-20C-B — Load vs. Strain at 17ft
Load vs. Strain at 23ft
CSlI-IlI-2/20-20C-B
3
—— SG 21
—O— SG 22
—v— SG 23
2 -
s
=3
©
®
o
-
1 .
0
-300 -200 -100 0 100 200

Strain (microstrain)
Figure D.57- CSI-I11-2/20-20C-B — Load vs. Strain at 23ft

315



Load (Kkip/ft)

Load (Kkip/ft)

Load vs. Rebar Strain at 19ft
CSI-llI-2/20-20C-B

O T T T T
0 500 1000 1500 2000 2500

T T

Strain (microstrain)
Figure D.58- CSI-I111-2/20-20C-B — Load vs. Rebar Strain at 19ft

Load vs. Rebar Strain at 211t
CSlI-llI-2/20-20C-B

3000

3
—0— A4
2 4
1 4
O T v I T T T

-500 0 500 1000 1500
Strain (microstrain)

Figure D.59- CSI-111-2/20-20C-B — Load vs. Rebar Strain at 21ft

2000
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Load (kip/ft)

Load (kip/ft)

Load vs. Rebar Strain at 20ft
CSI-llI-2/20-20C-B

3
2 .
1 -
0 T T T T T
0 2000 4000 6000 8000 10000
Strain (microstrain)
Figure D.60- CSI-I111-2/20-20C-B — Load vs. Rebar Strain at 20ft
Load vs. Mid Span Crack Width
CSI-11I-2/20-20C-B
3
2 .
1 .
—&— Whit 1
—O— Whit 2
—v— Whit 3
—— Whit 4
O T T T
0.0 0.1 0.2 0.3

Crack Width (in)
Figure D.61- CSI-ITI-2/20-20C-B — Load vs. Crack Width
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Load (kip/ft)

Load vs. Relative End Slip
CSI-11-2/20-20C-B

3
—0

2 -
1

—&— end slip 1

—O— end slip 2

—— endslip 3

—+ end slip 4
0 T T T

0.0 0.2 0.4 0.6

Relative End Slip (in)
Figure D.62- CSI-111-2/20-20C-B — Load vs. Relative End Slip
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Test Notes and Crack Maps

Series III Continuous B (June 17, 2002)

Scans 1 — 4 Shoring Removal, Load Frame

Load, kip/ft:
0.48

0.38
0.64

0.69

0.79

0.89

0.97

Notes:

Crack 1 top — hairline cracks over interior support
Crack 1 side A (negative moment cracks)
@ 20°-7” from end
Crack 1 side B (negative moment cracks)
@ 19°-1 '5” from end
@ 19°-9” from end
@ 20°-4 V4" from end
@ 21’-0” from end
Popping, Cracking noises
Crack 2 top — hairline cracks over interior support
Crack 2 side A (negative moment cracks)
@ 21’-4” from end
Crack 2 side B (negative moment cracks)
@ 17°-10” from end
@ 18°-6 '4” from end
@ 21°-4'5” from end
@ 22°-6 '5” from end
Crack 3 top — hairline cracks over interior support
Crack 3 side A (positive moment cracks)
@ 6’-3” from end
@ 34°-3” from end
Crack 3 side B (positive moment cracks)
@ 6°’-3” from end
@ 34°-4” from end
Crack 4 side A (positive moment cracks)
@ 5°-8 2
Crack 4 side B (positive moment cracks)
@ 33°-8 %"
Continuation of Crack 3 @ 34°-4” from end
Stopped marking cracks on top of slab
Crack 5 side B (positive moment cracks)
@ 34°-9 '5” from end
Crack 6 side A (positive moment cracks)
@ 33°-9” from end
@ 34°-9” from end
Crack 6 side A (negative moment cracks)
@ 17°-2 V4" from end
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1.27

1.45

1.55

1.67

@ 17°-9” from end
@ 19°-1” from end
Crack 6 side B (positive moment cracks)
Continuation of Crack @ 5°-8 72” from end
Crack 6 side B (negative moment cracks)
@ 17°-3” from end
@ 18’-1 4” from end
@ 22°-6 '5” from end
Crack 7 side A (positive moment cracks)
Continuation of Crack 3 @ 6’-3” from end
@ 33°-9” from end
Crack 8 side A (positive moment cracks)
Continuation of Crack 4 @ 5°-8 '%” from end
@ 7°-3 '2” from end
Propagation of Crack 3 @ 34°-3” from end
Propagation of Crack 6 @ 34°-9” from end
Crack 8 side A (negative moment cracks)
@ 21°-10 2 from end
@ 22°-1'4” from end
rack 8 side B (positive moment cracks
Crack 8 side B iti k
@ 6°-2 ¥ from end
-9 %" from en
@ 6°-9 2 fi d
@ 7°-9 2" from end
@ 32°-10 '2” from end
Propagation of Crack 5 @ 34°-9 2" from end
Crack 9 side A (negative moment cracks)
23’-1” from end
% 23’-6 2" from end
rack 9 side ositive moment cracks
Crack 9 side B (positi k
@ 5°-2 ¥ from end
Continuation of Crack 3 @ 5°-8 /4" from end
Continuation of Crack 8 @ 32°’-10 '4” from end
Crack 9 side B (negative moment cracks)
@ 16’-10” from end
Crack 10 side A (positive moment cracks
p
@ 8°-2” from end
@ 31°-8 '4” from end
Crack 10 side A (negative moment cracks)
@ 18°-2 '5” from end
Continuation of Crack 6 @ 19°-1” from end
@ 22°-1'4” from end
Crack 10 side B (negative moment cracks)
@ 20°-1 '4” from end
Crack 11 side A (positive moment cracks)
4°-9 %y from end
@
@ 5°-3 Y4 from end
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1.81

1.88

1.98

2.08

Crack 11 side A (negative moment cracks)
@ 16°-4 '5” from end
@ 17°-Y+” from end
Crack 11 side B (positive moment cracks)
Propagation of Crack 9 @ 5°-2 %” from end
Continuation of Crack 8 @ 7°-9 '2” from end
@ 8’-1 % from end
Crack 11 side B (negative moment cracks)
@ 23°-4” from end
@ 24°-1/4” from end
Crack 12 side B (positive moment cracks)
@ 31°-8” from end
@ 35°-3 '4” from end
Crack 12 side B (negative moment cracks)
Continuation of Crack 6 @ 17°-3” from end
Crack 13 side A (negative moment cracks)
Continuation of Crack 11 @ 16’-4 '5” from end
Crack 13 side B (positive moment cracks)
Continuation of Crack 11 @ 8’-1 % from end
@ 33°-3 3%” from end
Continuation of Crack 5 @ 34°-9 2" from end
Crack 13 side B (negative moment cracks)
@ 16’-1/4” from end
Continuation of Crack 6 @ 17°-3” from end
Continuation of Crack 2 @ 18’-6 2" from end
Continuation of Crack 1 @ 19°-9” from end
Continuation of Crack 10 @ 20°-1 '4” from end
Continuation of Crack 1 @ 20°-4 %4 from end
Continuation of Crack 1 @ 21°-0” from end
Continuation of Crack 2 @ 21°-4 2" from end
Continuation of Crack 6 @ 22°-6 2" from end
Crack 14 side A (positive moment cracks)
Propagation of Crack 10 @ 8’-2” from end
Crack 14 side A (negative moment cracks)
@ 19°-9 '4” from end
Propagation of Crack 10 @ 22°-1 '4” from end
Crack 14 side B (positive moment cracks)
Continuation of Crack 6 @ 5°-8 '4” from end
@ 7°-4 /& from end
@ 31’-10” from end
Continuation of Crack 4 @ 34°-4” from end
Crack 15 side A (positive moment cracks)
@ 32°-9 % from end
Continuation of Crack 8 @ 34°-9” from end
Crack 15 side A (negative moment cracks)
@ 21°-1 '4” from end
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2.19

2.27

2.22

Failure

Crack 15 side B (positive moment cracks)
@ 8’-9” from end
Crack 16 side A (positive moment cracks)
@ 11°-2 V4" from end
@ 32°-2 % from end
@ 35°-2 '5” from end
Crack 16 side B (positive moment cracks)
@ 32°-3” from end
Continuation of Crack 13 @ 34’-9 '4” from end
Crack numbering inadvertently skipped Crack 17
Crack 18 side A (positive moment cracks)
Propagation of Crack 8 @ 5°-8 '2” from end
@ 6°-8 ¥ from end
Propagation of Crack 6 @ 33°-9” from end
Continuation of Crack 3 @ 34°-3” from end
Crack 18 side B (positive moment cracks)
Continuation of Crack 9 @ 5°-8 '%” from end
Continuation of Crack 8 @ 6’-2 % from end
Continuation of Crack 8 @ 6°-9 '%” from end
Continuation of Crack 9 @ 32°-10 '4” from end
Continuation of Crack 13 @ 33°-3 %4” from end
Continuation of Crack 4 @ 33°-8 '2” from end
Propagation of Crack 14 @ 34’-4” from end
Continuation of Crack 16 @ 35°-3 '4” from end
Crack 19 side A (positive moment cracks)
Continuation of Crack 11 @ 4’-9 %4 from end
Continuation of Crack 11 @ 5°-3 4" from end
Propagation of Crack 18 @ 5°-8 %2 from end
Continuation of Crack 7 @ 6’-3” from end
Propagation of Crack 18 @ 6’-8 %" from end
Continuation of Crack 8 @ 7°-3 '2” from end
Propagation of Crack 10 @ 31°-8 '4” from end
Continuation of Crack 16 @ 32°-2 %” from end
Propagation of Crack 15 @ 32°-9 %4” from end
Propagation of Crack 7 @ 33°-3 74 from end
Propagation of Crack 6 @ 33°-9” from end
Propagation of Crack 16 @ 35°-2 '4” from end
@ 35°-8 V4” from end
Crack 19 side B (positive moment cracks)
@ 5°-10 '4” from end
@ 11’-8 '4” from end
@ 13°-8 4” from end
Crack F side A (positive moment cracks)
Continuation of Crack 19 @ 6°-3” from end
Continuation of Crack 19 @ 6°-8 3% from end
@ 7°-7 %" from end
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@ 8’-9 Y4” from end

@ 9°-3” from end

@ 10°-2” from end

Propagation of Crack 18 @ 34’-3” from end

Propagation of Crack 8 @ 34°-9” from end
Crack F side A (negative moment cracks)

@ 19°-5 5" from end

@ 20°-5” from end
Crack F side B (positive moment cracks)

Continuation of Crack 12 @ 4’-9 %" from end

Propagation of Crack 14 @ 5°-8 /2” from end

Propagation of Crack 18 @ 5°-8 42" from end

@ 9°-4” from end

@ 10’-3” from end

@ 29°-9 4 from end

@ 30°-9 '5” from end

@ 32°-5” from end

Continuation of Crack 14 (@ 34’-4” from end
Corner 1 uplift approximately 4", slip approximately 5/8”
Corner 2 uplift approximately '%”, slip approximately %4
Corner 3 uplift approximately %4”, slip approximately 3/16”
Corner 4 uplift approximately '4”, slip approximately %4
Max Deflection Span 1 @ 5°-10” from end
Max Deflection Span 2 @ 32°-10 to 33’-8” from end
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Figure D.63- CSI-I11-2/20-20C-B — Crack Layout
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6'-8 3/4" 7'-3 112" 77 34" 8'-2"

11'-2 1/4"

Figure D.64- CSI-111-2/20-20C-B — Span 1 Side A
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16'-4 1/2" 17'-1/4" 17'-2 1/4 17'-9" 18'-2 1/2"

20'_'5" - 20'_‘77‘ 20'—8"

19,_1n 19!_51'1,2n 19!_9| 1/4" : l I :

21-11/2" 21-4" 21'-10 1/2" 221 1/2" 22’-5' o
[ = :

23'-61/2"

Figure D.65- CSI-I11-2/20-20C-B — Span 1/Span 2 Side A
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31'-8 1/2" 32'-2 3/4"

33'-3 1/4"

35'-2 1/2" 35'-8 1/4"

Figure D.66- CSI-111-2/20-20C-B —Span 2 Side A
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5'-2 3/4" 6'-23/4"  5.101/2" 5'-8 1/2"

B T e e
- - _ e a N

'“‘*‘I:'-_—-t«-- — l o

8'-13/4" 7'-9 T/

7'-4 1/4" 6'-9 1/2"

10'_3" ].]."8 1;2" 13"8 1/4"

Figure D.67- CSI-111-2/20-20C-B —Span 1 Side B
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16'-10" 16'-1/4"

18'-6 1/2" 18'—1'114" 17'-IIO"
I

20'-|1 1/4" 19'|-9" 19'-1 1/2"

Figure D.68- CSI-I11-2/20-20C-B —Span 1/Span 2 Side B
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20'-l4 1/4" 22'-I3/4" 21'i4 L2

22‘-16 1/2" | 24-1/4"

Figure D.69- CSI-111-2/20-20C-B —Span 1/Span 2 Side B Cont.
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: z —

5
30'-9 1/2"

32-101/2" 325" 323" 33'-8 1/2" 33=ae3/4"

e

SO/ 35'-3 1/2"

Figure D.70- CSI-111-2/20-20C-B —Span 2 Side B
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Figure D.71- CSI-111I-2/20-20C-B — Cracks Over Interior Support
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Figure D.72- CSI-111-2/20-20C-B — Corner 2 at End of Span 1

Figure D.73- CSI-111-2/20-20C-B — Corner 3 at End of Span 2
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APPENDIX E - Sample Calculations
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Sample Calculations (CSI-11-2/20-9)

£y, = 48.5 ksi Dy =2.033 in. (measured)

e =3979 psi Span = 108 in. (measured)

E; =29,500 ksi (assumed) Clear Span = 100 in. (measured)
A =0.769 in’ (calculated) h = 6 in. (measured)

L= 0.491 in* (calculated) h, =4 in. (measured)

t =0.0346 in. (measured) b=12in.

W, =5.0 in. (measured) Voot = 0.685 in. (calculated)
Cs=6.125 in. (measured) wq = 2.7 psf (cataloged value)
B; = 1.686 in. (measured) w. = 68.6 psf (cataloged value)

B, = 5.858 in. (measured)

Preliminary Calculations

Concrete Modulus of Elasticity
E. = 57,000£ ' (ACI 318-99 Section 8.5.1 — Normal Weight Concrete)
E. = 57,000(3,979 psi)"?
E. =3,595,520 psi
Modular Ratio
n=EJE.
n = (29,500,000 psi)/(3,595,520 psi)
n=2_8.20
Effective Slab Depth
d =h — ypo (full deck section)
d=61in.-0.685 in.
d=53151n.
Ratio of Tension Reinforcement
0 =As/bd
£ =0.769 in* / (12 in x 5.315 in)
£ =0.012

Neutral Axis Location (Cracked Section)

Assume y.. < h,
) 1
Ve = d{[an (o)} - pn}

v, = 5.315m.{[2(0.012)(8.20) +((0.012)(8.20))° ]% - (0.012)(8.20)}
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Vee = 1.89 in.
Vee £ h Assumption O.K
Moment of Inertia (Cracked Section)

=20y e ot

Yes = d - Yee
Ves= 6 1n. — 1.89 in.

Ves=4.11 in.

;- 12in.

c

(1.89in.)’ +8.20(0.769in")(4.11in.)’ +8.20(0.491in™)
I.= 138 in* per ft of slab width

Neutral Axis Location (Uncracked Section)
_0.5b +nA,d+W.d,(h—0.5d,)b/C,
Ve bh +nd_+Wd b/C.

_0.5(12in)(4in)” +8.20(0.769in>)(5.315in) + 5.0in(2in)(6in — 0.5(2in) )1 2in/ 6.125in
« 12in(4in) +8.20(0.769in”) + 5.0in(2in)(12in) / 6.125in

Ve =3.07 in.

Moment of Inertia (Uncracked Section)

} 2
he= bl}; +bh (v~ 0.5k +nl, +nd,y + @[%Hh—yw ~0.5d, )2}

I (12in)(4in)’

] > + (12in)(4in)(3.07in — 0.5(4in))* + 8.20(.491in*)

+8.20(0.769in* (2.93in)* +

5.0in(12in)(2in) [

. N2
M _ (6in—3.07in - 0.5(2im))’
6.125in

12
I, =256 in* per ft of slab width

Moment of Inertia used for Deflection Calculations

I +1
Id o u 2 C
256in* +138in*
1, =
2
I,=197 in*

First Yield Moment
Mel = (T161+T262+T3e3)/12

€3 = h_YCc/3
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e3=61n.—1.891n./3
e;=5.37 1n.
e =¢e3—dy2
e=5371n-21n./2
e =4.37 1n.
e =e3—dqg
e; =5.37 in. — 2in.
ey =3.37 in.
T; = B [(h-yee-do) (h-yeo)]
T, = 48.5ksi(1,0001b/kip)(1.686in(0.0346in))[(6in-1.89in-2in)/(6in-1.89in)]
T,=14521b
T, = £ 2D D[(h-Yee-da/2)/(h-yo)]
T, = 48.5ksi(1,0001b/kip)(2(2.033in)(0.0346in)[(6in-1.89in-2in/2)/(6in-1.89in)]
T,=51631b
T5 = f(Byt)
T; = 48.5ksi(1,0001b/kip)(5.8581n)(0.0346in)
T;=98301b
M, = [(14521b)(3.37in)+(51631b)(4.37in)+(98301b)(5.37in)]/12
M, = 6687ft-1b per cell width
M, = (6687ft-1b/cell width)[(12in/t)/(6.125in/cell width)]
M, = 13101 ft-1b per ft width
Moment available to Resist Live L.oad
Mg = Mg - Mg
Ms

Ry = 5[(Wqtw)l]/8

R, =5[(2.7 psf + 68.6 psf)(4.665 t)]/8
R; =208 Ib

Ry = 5[(Wqtw)l]/8

R, =5[(2.7 psf + 68.6 psf)(3.665 t)]/8
R,=1631b
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+
W™ Wy

\
SHORING
WC+ WO‘ -
Ry
7
= 4-8
% WC+ WO‘
|
.
% T
7
| =3'-8

Figure E.1- Casting Model (Simple)

Shoring Removal: ¢
P=R;+R, AR N
P=2081b+1631b
o = 48 o = 3g
P=3711b |
Mnid-span = Pab/1 L= g4

Figure E.2— Shoring Removal Model

Mnidg-span = 371 1b (3.665 ft)(4.165 ft)/8.33 ft

Mid-span = 680 ft-1b/ft of width

Note: A spreadsheet was used to find the moments due to shoring
removal at numerous points along the slab. But since the
maximum of the dead and live load moments is at mid-span for
this particular case, the mid-span moment calculation is all that is
shown here.

Ms = Mmid-span
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My = 13101 ft-1b/ft of width — 680 ft-1b/ft of width
My = 12421 ft-1b/ft of width
Calculated First Yield Live Load
Men = Qe /8
det = Mea(8)/F
Qe = 12421 ft-1b/ft of width (8)/(8.33ft)’
et = 1432 psf

qet

Figure E.3— Live Load Model
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Design Strengths

Maximum Allowable Live Load (Simple Span)

f, = 40 ksi

. = 3000 psi

Es =29,500 ksi (assumed)
A,=0.769 in®

I =0.491 in*

t=0.0358 in.

W, = 5.0 in. (measured)
C; = 6.125 in. (measured)
B, = 1.686 in. (measured)
B, = 5.858 in. (measured)
Dy, =2.033 in. (measured)

Nominal Moment Strength
M, = KM,

Where K = 0.71 + 0.04(/s-2) < 0.7

K = 0.71+0.04(3 — 2)

K=0.75
M, = (0.75)(10658 ft-1b/ft of width)
M, = 7994 ft-1b/ft of width
Moment Due to Shoring Removal
M, =Pa
Where P=1.1 wl’

W =W, + Wy

Ir'=13=3ft

P = 1.1 (68.6 Ib/ft + 2.7 Ib/ft) (3ft)

P=2351b
M; = (235 Ib)(3 ft)
M; = 705 ft-lb/ft of width
Moment Due to Superimposed Dead Load
Mg = wl*/8

h = 6 in. (measured)

h. = 4 in. (measured)
b=12in.

Voot = 0.685 in.

wq = 2.7 psf (cataloged value)
w. = 68.6 psf (cataloged value)
1=9 ft

ls=3ft

Third Point Shored
M, = 10658 ft-1b/ft of width

CASTING

w = <WC+ Wol>

e TR ?R T

SHORING REMOVAL

o

TTITITTRIIT TTITITTRIIT
o = 30 a = 3'-0
L= 90
LIVE LOAD
Il
TTITITRTInT TTTITRTInT
L= 90

Figure E.4 — Load Models (Simple Design)
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My = (10psf)(9ft)*/8
My = 101ft-1b/ft of width
Design Equation

gﬂMn >1 .6M11+1 .ZMdl

Ma = M+ Mg
Mg = 705 ft-1b + 101 ft-Ib
M = 806 fi-Ib/ft of width
M= wyl*/8

Which leads to:

wi= (M, - L2Mg)(8)/(1.61%)

wii = ((0.85)(7994ft-1b)-1.2(806 ft-1b))(8)/(1.6(9ft))

wy =360 psf

Maximum Clear Span Calculation (Continuous Span)

Due to the iterative nature of this calculation, the final iteration will be checked

f, = 40 ksi

.= 3000 psi

Es =29,500 ksi (assumed)
A, =0.769 in’

I=0.491 in*

t=0.0358 in.

W, =5.0 in. (measured)
Cs=6.125 in. (measured)
B; = 1.686 in. (measured)
B, = 5.858 in. (measured)
D,, = 2.033 in. (measured)

Nominal Moment Strength
M, = KM,

Where K = 0.71 + 0.05(/-2) < 0.91

Assumed /> 6 therefore K =0.91

h = 6 in. (measured)

h, = 4 in. (measured)
b=12in.

Yoot = 0.685 in.

wq = 2.7 psf (cataloged value)
w. = 68.6 psf (cataloged value)
1=20 ft 10 in.

ls=61t11-1/3 in.

Third Point Shored
M, = 10658 ft-1b/ft of width
Wy = 100 pSf
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M, = 0.91(10658 ft-Ib/ft of width)
M, = 9700 ft-Ib/ft of width

Moment Due to Shoring Removal

CASTING

Figure E.5- Casting Model (Cont.)

SHORING REMOVAL

§
Pr =R fe Rz
Q o
§
Pi =R
a o
+
§
P2 = R
Q o

Figure E.6 — Shoring Removal Model (Cont.)
M,=M, + M,
Where M, = Bending Moment Caused by Removal of Shore at 1/3
M, = Pl—b; (a+20)x
21

Note: A spreadsheet was used to find the moments due to shoring
removal plus applied live load at numerous points along the slab.
But since the maximum of the dead and live load moments is at
approximately 6 ft 10-1/2 in. for this particular case, the 6 ft 10-1/2
in. moment calculation is all that is shown here.

Where P, =1.13 wl’
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w =W, + wg= 68.6 lb/ft + 2.7 1b/ft
I’'=13=20ft10in/3=61ft 11-1/3 in.
P =1.13 (68.6 lb/ft + 2.7 1b/ft) (6 ft 11-1/3 in.)
P =560 1b
a=1"=61ft11-1/3 in.
b=21"=2(6 ft 11-1/3 in.) = 13 ft 10-3/4 in.
(5601b)(13.89 fi)*
T 2(208411)
M, = 1997 ft-1b/ft of width
Where M, = Bending Moment Caused by Removal of Shore at 21/3

Pb’
M, = 22—l3(a +21)x

(6.95 ft +2(20.84 11))(6.88 f1)

1

Where P; = 0.96 wl’
W= We + W= 68.6 Ib/ft + 2.7 Ib/ft
I =13=20ft 10 in./3 = 6 ft 11-1/3 in.
P = 0.96 (68.6 Ib/ft + 2.7 Ib/ft) (6 ft 11-1/3 in.)
P =476 1b
a=2"=2(61ft11-1/3 in.) =13 ft 10-3/4 in.
b=1"=6 ft 11-1/3 in.
(4761b)(6.95 fi)?
T 2(20.84 i)
M, = 486 fi-Ib/ft of width
M, = 1997 fi-Ib/ft of width + 486 fi-Ib/ft of width
M, = 2483 fi-Ib/ft of width

Moment Due to Superimposed Dead Load

(13.89 11 +2(20.84 f1) )(6.88 ft)

2

SUPERIMPOSED LOADS

Figure E.7 — Superimposed Model (Cont.)
M,y = R x-wx*/2
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Where R| = 3/8(wl)
w =10 1b/ft
1=20 ft 10 in.
Ry =3/8(10 1b/1t)(20.84 ft)

R1=781b
x =6 ft 10-1/2 in.

Mg = (78 1b)(6.88ft)-(10 ft/1b)(6.88 ft)*/2

Mg = 300 ft-Ib/ft of width

Moment Due to Live Load
M, = R x-wx*/2
Where R| = 3/8(wl)
w =100 Ib/ft
1 =201t 9 in.
R, =3/8(100 1b/1t)(20.75 ft)
R,y =778 1b

x =6 ft 10-1/2 in.
My = (778 1b)(6.88 ft)-(100 ft/Ib)(6.88 ft)*/2
My, = 2987 ft-1b/ft of width
Design Equation
oM, > 1.6M;+1.2My
Where Mg =M+ My
Mgy = 2483 ft-1b/ft of width + 300 ft-1b/ft of width
Mg = 2783 ft-1b/ft of width
0.85(9700 ft-1b/ft of width) > 1.6(2987 ft-1b/ft of width) + 1.2(2783 ft-1b/ft of width)
8245 ft-1b/ft of width > 8119 ft-lb/ft of width
Therefore a clear span of 20 ft 10 in. is O.K.
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