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ABSTRACT 

Most designs for buildings with steel frames are based on 
girders with simple connections. To eliminate the problems 
associated with traditional construction (such as deep and 
heavy girders and large deflections during construction) 
structural engineers have been searching for a new design 
system for a long time. The stub girder system is one example 
of such efforts. However, the stub girder system proved to be 
uneconomical for most common buildings. Anew and differ­
ent approach to composite steel/concrete designs was under­
taken by the writer resulting in light building frames and cost 
savings. This new design system is called partial Restraint 
Girder System ("RGS") (Figure 1). (A composite section is 
obtained in buildings with metal deck and concrete floors by 
welding steel studs to the top flange.) With RGS two types of 
restraint are possible: the first makes use of moment connec­
tions to columns; the second includes concrete reinforcement. 

In buildings utilizing composite girders, deflections were 
controlled by either shoring, camber, or further increase in 
girder size. RGS has arisen as a viable and cost effective 
alternative. 

In traditional designs, the engineer determined the build­
ing's moment diagram from a moment distribution or stress 
analysis. In the RGS method, the Structural Engineer can 
control the maximum and minimum values of moment on the 
moment diagram (the governing design values) from the 
outset to fit his design, by establishing the amount of restraint. 

Although composite girders with partial restraints improve 
the moment resistance of composite girders significantly, 
such design is commonly ignored and the codes of practice 
give no guidance as to procedures that might take advantage 
of the improved properties. 

PAST RESEARCH 

Extensive knowledge is available on non-composite girder-
to-column moment connections. Reference 3 provides a good 
summary with design examples of various non-composite 
girder-to-column moment connections. Composite girders 
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with girder-to-column moment connections is a new topic and 
less covered in past research. 

Karl Van Dalen (Reference 4), Ammerman, and Leon 
(Reference 6) and others, realized the significance of com­
posite girders with negative concrete reinforcement (com­
posite connections). They tested specimens to determine 
strength, stiffness, and ductility. Reference 6 provides a good 
summary of past research on composite girders with negative 
reinforcement (semi-rigid connections). 

Also, Ammerman recognized the significance of semi­
rigid composite connections (Reference 9) and suggested a 
method for the design of frames incorporating such connec­
tions. By considering the construction phase, RGS improves 
on the previous work. This paper describes RGS, provides the 
mathematical formulae which describe the system and pro­
vides examples of buildings designed and built with RGS. 

INTRODUCTION 

The traditional design for buildings with steel frames is based 
on composite girders with simple connections. The disadvan­
tage of this traditional design is that the entire moment re­
quirement is at one portion of the girder resulting in large size 
girders. Also, girders have large mid-span deflections during 
construction when the concrete is wet. In order to eliminate 
these disadvantages, the designer specified camber or tempo­
rary shoring. However, since both of these methods are costly 
and difficult to implement, contractors often preferred to do 
without them and instead, increased girder sizes even further. 
With partial restraints, girder sizes can be decreased and the 
deflections reduced. 

Two different restraint types are possible, as follows: 

a. Girder-to-column moment connection. 
b. Negative concrete reinforcement. 
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Fig. 1. Composite girder with partial restraint. 
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The two different types of restraint are best utilized based 
on the following rule of thumb: when deflections during 
construction are large, and/or the girder sizes are governed by 
construction loads, girder-to-column connections are pre­
ferred; when deflections do not govern, and the girder size is 
governed by superimposed loads, negative concrete rein­
forcement bars are preferred; however excellent results are 
achieved when a combination of both restraint types is used. 

Just like a composite girder with simple connections, the 
design of a Restraint Girder System is also done in two 
phases—construction phase, when the concrete is wet and the 
final phase, after the concrete hardens. 

CONSTRUCTION PHASE 

At this phase, the steel girder alone supports all the loads. 
Some steel girders with simple connections have significant 
mid-span deflections at this phase. Introducing end moment 
connections results in reduced mid-span deflections. For ex­
ample, for a beam with fixed connections. Figure 2 shows that 
mid-span deflections can be reduced by as much as 58 percent 
if only one end is fixed and by 80 percent if both ends are 
fixed. These are very significant reductions. Considering that 
the end moment connections also have the added benefit of 
reducing the mid-span moment, it becomes quite clear what 
a powerful design tool has been created. 

To provide the rigidity required for this phase, the end 
moment connection must be designed as a rigid connection 
(AISC Type 1 construction) for this stage (Figure 3). It 
provides just enough strength and rigidity to hold the original 
angles between the members unchanged. During this phase 
all connection components are stressed elastically. The con-
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nection is strong enough to hold the original angles between 
members unchanged, reducing the center moment and mid-
span deflections. 

FINAL PHASE 

At this phase, the steel girder acts compositely with the 
concrete. The girder now is both strong and rigid. 

Once the concrete hardens, superimposed loads such as 
partitions, mechanical, ceiling, and live loads are applied. At 
this time, the moment at the girder end wants to increase, 
however since the connection has reached its elastic capacity, 
it will deform plastically. This now corresponds to AISC Type 
3 construction; the connection now becomes semi-rigid. All 
excess moment "shaken-off' by the semi-rigid moment con­
nection is now transferred to the middle section of the girder. 
Since this middle section is composite with the concrete, it is 
both strong and rigid. Therefore, any deflections associated 
with the final phase are small. 

The design described above results in smaller girders and 
reduced costs. Where before A36 steel was used, governed by 
deflection considerations, A572 steel now often becomes 
more economical. 

The sensitivity of the RGS system to deflections when the 
concrete is wet and unevenly placed ought to be investigated 
by the design engineer for each individual project. In some 
cases the RGS system should be specified with recommenda-
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tions for the concrete pour sequence and the acceptable 
locations of construction joints. 

END-MOMENT CONNECTIONS 

A cost efficient end-moment connection is an end-plate con­
nection (for moderate size moments) (Figure 3a and 3b). It 
performs well as a rigid connection during the construction 
phase, and a semi-rigid connection at the final phase. An end 
plate is a particularly good choice because not only does it 
dehver forces to the column but it also reinforces the column 
by spreading compression forces over larger areas, just like a 
bearing plate, thus reducing the need for compression column 
stiffeners. It is especially economical when full penetration 
welds are not required. However, other connections can also 
be used. Figure 3d shows a girder to column moment connec­
tion with angles. Angles are also a good choice because the 
bottom flange is reinforced against local buckling by the 
horizontal leg of the angle. Reference 3 and others provide 
design guidelines for the design of such connections. 

Increasing the connection size beyond that which provides 
full fixity during the construction phase is usually not neces­
sary and proves to be uneconomical. Therefore, for best 
economy, the end moment connection need not be over-de­
signed. Details A and B in Figure 3 show a relatively inex­
pensive moment connection. The connection shown in detail 
C is more expensive. 

LINE "C" 

e TOTAL 

Mpl -

M gcu -

M gey -

M cr -

M r -

Note: 

End moment for plate loads from a design moment diagram, when the only 
loads applied are plate loads. 

Girder to column moment connection - calculated design strength. 

Girder to column moment connection - yield strength. 

Moment value at which the concrete cracks. Stress is transferred to rebars. 

Moment value at which rebars yield. 

G/C moment connection may or may not actually yield. For RGS, unless 
shown otherwise by analysis, the connection should be assumed to yield and 
therefore it should be designed with ductility in mind. 

One way to evaluate a girder with moment connections is 
by making use of the connection moment rotation curve 
(Figure 4). A composite girder with partial restraint behaves 
just like a steel girder with full restraint when the concrete is 
wet (line A). After the concrete hardens, and additional loads 
are superimposed, the connection provides additional re­
straint until yielding; then the girder behaves just like a simple 
supported composite girder. Figure 4 shows a moment rota­
tion curve with concrete reinforcement added at the joint. The 
connection curves shown are diagrammatic and in reality 
yielding may occur sequentially. 

In order to determine the various points on the moment 
rotation curve, Figure 5 is reproduced herein from Refer­
ence 3. 

ADDITIONAL RESTRAINT 

Research done by Professors Karl Van Dalen and Heman 
Godoy at Queen's University, Kingston, Ontario (Refer­
ence 4) revealed that additional moment strength can be 
achieved at the beam-column connection if only 0.46 percent 
of the concrete slab area is provided as slab reinforcement. 
This additional strength is at least equal to the ultimate 
moment capacity of the composite beam and is not influenced 
by the type of connection between the steel elements. The 
rotational capacity of the composite beam—colunm connec­
tion is also at least equal to that of a conventional, non-com­
posite rigid steel connection. 

The AISC specifications for Structural Steel for Buildings 
(Reference 2) allows the calculations of the negative design 
moment strength based on the plastic stress distribution of the 
composite section, provided that the following are met: 

a. Shear connectors are located in the negative moment 
region. 
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Fig. 4. Girder-to-column connection + reinforcement. 
Fig. 5. Moments and end rotation for various 

load/beam conditions. 
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b. The slab reinforcement is adequately developed. 
c. Steel beam is compact and braced. 

The designer can use this additional strength to reduce the 
girder size further. Only additional studs and negative con­
crete reinforcement are needed. However, in order to ensure 
a uniform cracking pattern in the slab in the vicinity of the 
column, Karl Van Dalen (Reference 4) recommends that at 
least twice the minimum area of steel reinforcement be ex­
tended on each side of the colunm centerline (Figure 6). 

UNBALANCED LOADS 

For a long time engineers assumed that unbalanced loads 
might overstress non-composite steel girders designed with 
partial restraint and therefore avoided the use of such restraint 
in steel buildings. RGS however is not very sensitive to 
unbalanced loads for two reasons: 

a. Traditionally, structures have been analyzed on the basis 
of "frame action"—meaning beams with joints which 
are allowed to rotate when subjected to unbalanced 
moments. For building structures with concrete floors an 
additional horizontal restraint exists. This restraint is 
provided by the concrete diaphragm and is usually ig­
nored by engineers. Unbalanced loads create a joint 
rotation; any joint rotation is associated with horizontal 
and vertical translations. However, in certain buildings 
with girders connected to concrete floor diaphragms 
horizontal translations are restrained. Therefore unbal­
anced loads in buildings with concrete floors are gener­
ally less able to generate joint rotation. 

b. If the load is increased the reinforcement might yield. 

Tests indicate that reinforced concrete has some ductility 
to transfer of moments from one section to another after 
first yielding of reinforcement. When tensile reinforce­
ment reaches yield at one section it will continue to yield 
while the section rotates. For a continuous member, the 
load will increase until all sections reach yield or until 
the concrete reached ultimate strain. As a result for most 
concrete structures moment redistribution is possible 
and accepted by the Building Codes. 

Because of the above reasons, for most common buildings 
using RGS, adequate strength is assured with unbalanced 
loads present if adequate concrete reinforcement is provided. 

DUCTILITY 

Ductility is associated with the ability of the joint to rotate 
after yielding. Joint rotation can be prevented by premature 
local or overall buckling of the bottom flange and buckling 
of the web. The use of under-reinforced sections and class 1 
steel shapes assures adequate post-yielding rotations. 

COMPOSITE STUDS 

Stud-design criteria is similar to composite girders without 
restraint, with the exception that if top reinforcement is used 
for restraint, then additional studs are required between the 
point of maximum negative moment and point of zero mo­
ment. The number of such studs shall be selected to develop 
the negative moment (Figure 7). 

ALTERNATIVES 

Alternatives to composite girders with partial restraint in­
clude the stub girder system, haunch girders, and simple 
composite girders. These alternatives however, are expen-

COMPOSITE STUDS 

A. POSITIVE MOMENT 

N = F A EQ'N. 7-1 

2q 

N I M - M_ 

B. NEGATIVE MOMENT 

N = F A 

EQ'N. 7-2 

EQ'N. 7-3 

2q 

WHERE: d̂  = ĥ^ - t̂ ^ 

d^^j = hĵ  ~ ^f:_ •*• ^md "̂  <̂  cone - t GOV - fS bar 

q - STUD CAPACITY 
M - MOMENT CAPACITY FOR STEEL SECTION ALONE 
M' - MOMENT CAPACITY FOR COMPOSITE SECTION 
M"'' - MOMENT FROM DIAGRAM 

Fig. 6. RGS—Concrete reinforcement. Fig. 7. Composite beam-stud requirements. 
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sive, complicated, deep, and might require duct openings, 
camber, shoring. 

ADVANTAGES 

The advantages of composite girders with partial restraint are 
many. First, the design usually results in shallow and small 
girders with no duct penetrations. The lighter weight girders 
also have small mid-span deflections. Camber or shoring are 
not required. Wind loads can be incorporated as part of the 
33 percent increase in allowable stresses at no additional 
costs. Medium to large spans can be accommodated. Long 
term creep deflections associated with shored construction 
are eliminated. The engineering analysis and design is simple 
and suitable for hand calculations or computer use. All engi­
neering principles involved are based on the AISC specifica­
tions and in accordance with standard practice. 

It is important to point out what is new about RGS. Girder-
to-column moment connections, rigid or semi-rigid, are not 
new; negative concrete reinforcement with composite con­
struction is not new for wind loads, but it is new for gravity 
loads when used to reduce the girder size. (Some reports 
indicate that negative reinforcement with composite con­
struction has been used with the stub girder system). The use 
of rigid and semi-rigid construction in the same frame at the 
same location is new. The use of such construction in con­
junction with negative concrete reinforcement is also new. 
The traditional use of moment connections alone or the 
traditional use of negative reinforcement alone cannot pro­
vide the benefits which are created by the RGS system. For 
this reason, RGS has arisen as a viable new alternative system 
for building construction. The final result, which is a small 
girder system with controlled deflections, and without shor­
ing or camber, is new. 

EXAMPLES 

1. Capitol Square Office Building—Columbus, Ohio 
(Figure 9) 

This is a 28-story office tower with a triangular floor plan. 
The bay size is 30x30. The floor construction consists of 2-in. 
deep metal deck and 3.25-in. light weight concrete. The filler 
beams are W 14x22 at 10 feet on center. The girders are 
composite, restrained, hunched girders. Both hunches and 
restraints were used in order to develop the maximum possi­
ble negative moment at the columns and reduce the mid-span 
moment. The straight portion of the girders was W 14x30. 
Hunches were fabricated from 16-in.-deep sections, cut 
diagonally. Restraint was obtained with end plates. This con­
tinuous girder system was also used to provide additional 
lateral load resistance. 

Contractor: Turner Construction Company, Columbus, Ohio. 
Steel Fabricator: Ohio Steel Fabricators 

2. Minolta Office Building-
(Figure 8) 

-Ramsey NJ. 

A 4-story office building with a steel frame on a concrete 
foundation. The building has a horseshoe footprint and 
120,000 sq. ft of space. The bay size is 25x30 with girders 
framing the long direction. 3.25 inches of light-weight con­
crete were poured over 2-in. composite metal deck. 14-in. 
deep composite filler beams are spaced at 10 feet on center 
and span the 25-ft dimension. 14-in. composite girders with 
partial restraint at columns support all gravity and wind loads. 
Simply supported girders, 50 ksi steel, would have been 
W14x53 with a 1-in. camber and 57 studs. Using partial 
restraint, only W 14x43 girders were used with no camber and 
24 studs. Many mechanical units and a continuous roof screen 
created "heavy congestion" on an open web joist-framed roof. 
Despite the roof congestion, the total steel weight was under 
7.5 lbs. per sq. ft. No floor deflections or vibrations were 
reported. The contractor and steel fabricator reported easy 
fabrication and construction details. 

Steel fabricator: Mulach Steel, Pennsylvania 
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Fig. 8. Part plan—Minolta Office Building. 
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3. Parking/Retail Building—New York, N.Y. 
(Figure 10) 

This is a 45,000 sq. ft building with retail on the ground 
floor, parking in the basement, and a playground/community 
area on the roof. The bay size varies; filler beams are 18 to 22 
feet long and the girders 17 to 35.5 feet long. 

A traditional design with simply supported composite gird­
ers would have resulted in W 18x76 or W24x62 cambered 
girders. Using Partially Restraint Girders resulted in W 16x45 
(Fy = 50) for the first exterior girder and W 16x36 (Fy = 50) for 
interior girders without camber. The end-moment connection 
is an end plate. The shallower girders were necessary for a 
lower overall building height. Figure 11 shows a comparison 

W14x22 

"im— 

W14x22 
734] 

W14x22 
[34] 

[34] 

T 
-r54r 

-iP-
W14X22 

154] 

[34] 

Fig. 9. Part plan—Capitol Square Office Building. 
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Fig. 11. Summary. 

CASE A 

CASEB 

G/C MOMENT CONNECTION ONLY 
A„M = 0.46% Ac EQ'N. 6-1 

CONG REINFORCEMENT (WITH OR WITHOUT G/C MOMENT 
CONNECTION) 
ARM = 0.80% Ac EQ'N. 6-2 

K [Mi;/(^-MN-[MGCi(l-X/L)+ MGCJ(X/L)] 
ARR= EQ'N. 6-3 

(VL)FYR(dEpp.) 

(ZFy-MGc)K 

dsFvp 
EQ'N. 6-4 

AR S H A L L B E T H E LARGEST OF AR^ OR \ ^ BUT IT NEED BE NO LARGER THAN ARJ 

MR! = AR FYR (dEFp.) < M; SUP EQ'N. 6-5 

MRTX = M^i + M'̂ GCi + M'̂ Rj + M'̂ GCj EQ'N. 6-6 

Mux < 0 [MNX + MRTX] EQ'N. 6-7 
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MM 
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MAXIMUM NEGATIVE MOMENT DUE TO SUPERIMPOSED DL + LL AT END 
i ASSUMING CONTINUOUS GIRDERS 

SUPERSCRIPT-TRANSPOSED LOCATION 

DUCTILITY FACTOR 

Fig. 10. Part plan—Parking/Retail Building. Figure 12 
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of different design schemes using RGS alternatives. Scheme 
C which includes a girder-to-column moment connection and 
negative concrete reinforcement is the best design alternative. 
It requires no camber, yet the result is small girder sizes, 
economical connections, and light concrete reinforcement. 

ANALYTICAL EVALUATIONS 

Figure 12 shows formulas which govern the design of RGS 
using LRFD. Equations 6-1 and 6-2 are based on Van Dalen 
(Reference 4). While Van Dalen does not address the case of 
a girder-to-column moment connection alone, an increased 
amount of minimum reinforcement is recommended by the 
writer to control cracking and for unbalanced loads. 

Equation 6-3 is based upon partial-partial restraint when 
the amount of concrete negative reinforcement required, 
based on loads, is less than the maximum that can be provided. 

Equation 6-4 represents the maximum amount of concrete 
negative reinforcement that can be provided and still ensure 
its yielding. 

A ductility factor K is provided to ensure that the concrete 
reinforcement will yield first. This factor can vary depending 
upon certain factors such as the steel girder size, the type of 

1-1/2" MP + 2-1/2" ST. COCN. (FY=50 Ksi) 

b=90" 
Ar min = 1.80 sq.in. 

Section 

[ W12 X 19 

1 W12 X 22 
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1 W12 X 50 
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1 W14 X 26 
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1 W14 X 34 

1 W14 X 38 

W14 X 43 

1 W14 X 48 

1 W14 X 53 

1 W16 X 26 

1 W16 X 31 

1 W16x36 

W16 x 40 

[ W16x45 

1 W18 X 35 
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1 W18 X 46 

1 W18 X 50 

0 M N 
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247 
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• '235 
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0MRP 
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144 
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317 
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629 
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^ R F 
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4.2 

•-2.C •• j 
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2.4 1 
2.9 1 
3.5 1 
3.9 1 
4.4 1 

3.0 1 
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4.7 1 

girder-to-column moment connection and/or the type of bot­
tom flange restraint. 

The number of composite studs should be selected based 
on the formulas shown in Figure 7. 

Figure 13 shows tables prepared by the author for a quick 
design of RGS in a engineering office. 

ADDITIONAL RESEARCH 

It is recommended that resources be allocated for research 
into the following and other topics for better prediction of the 
behavior of the RGS system in building structures: 

1. Requirements for column stiffeners. 
2. Behavior under reversed loading. Wind and seismic 

loading. 
3. Short and long term effects of shrinkage, creep, relaxa­

tion. 
4. Non-linear behavior of steel connections and concrete 

reinforcement. 
5. Pattern loading conditions. 
6. Column unbraced length. 
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Figure 13a Figure 13b 
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7. Shored versus unshored construction. 
8. Local buckling. 

CONCLUSIONS 

A new girder system was presented. The system resolves the 
problems associated with traditional steel construction. Re­
straint Girder System ("RGS") provides a powerful tool for 
reducing girder sizes and mid-span deflections. End restraint 
is achieved with end-moment connections and/or concrete 
top reinforcement. The design is especially economical when 
the end-moment connection is detailed with economy in 
mind. The shape of the moment diagram can be controlled by 
the designer, resulting in cost savings. The new design 
method can be used with significant savings for most steel 
buildings with metal deck concrete and composite action. The 
resulting analysis and design method will most likely become 
a favorite for steel design into the next century, creating a new 
class of building structures. In the future engineers might find 
it practical to apply RGS knowledge to other building struc­
tural components such as filler beams and also to bridges. 

3" MP + 3-1/4" LT.WT (Fv=SO Ksi) 

b = 90" 
Ar min = 234 sq.in. 

Section 
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1 W12 X 19 
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485 
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^RF 
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