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1 he benefits of semi-rigid connections are well known '̂̂ '̂  
and much has been written about their use in braced 
frames"̂ '̂  and in Type 2 construction.^'^ One of the reasons 
these methods are not being used frequently by designers 
is that most semi-rigid connections are highly nonlinear, and 
analysis of the behavior of frames using them is difficult. 
One type of connection which may be able to overcome this 
difficulty is the semi-rigid composite connection. This is a 
connection made from a typical pinned end connection (e.g., 
seat angle and web clips or double web angles) and continu­
ous slab reinforcement across the connection. Tests on the 
connection with seat angle (Fig. 1) by the authors '̂̂  have 
shown this connection type has a high degree of linearity in 
the service load region and that its ultimate capacity is easy 
to predict. This paper describes a design procedure for 
unbraced frames utilizing semi-rigid composite connections 
such as those described above. Two design examples, one 
for a four-story structure and one for a ten-story structure, 
and comparisons of their behavior with that of rigidly 
designed frames are included. 

PRELIMINARY DESIGN METHOD 

A preliminary design method for unbraced frames utilizing 
semi-rigid composite connections is described in this sec­
tion. The procedure is based partially on a method suggested 
by the authors^^ for braced frames and consists of six steps. 
The steps are: 

Step 1: Determine initial beam sizes and connection details 
by doing a gravity analysis of the floor system, similar to 
that described in an earlier paper by those authors. ̂ ^ If the 
ratio of factored service load to factored construction load 
is low enough so small, or no, end restraint is required for 
the composite beam, detail the connections for the higher 
of Mfjl or Mpll, where Mf^ is the fixed end moment for 
the given loading and Mp is the plastic moment of the steel 
beam. 

In frames in which the lateral loading is large when com-
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pared to the gravity loading, the connections will experience 
moment reversal and be loaded under positive moment. In 
this case it is desirable to detail the connection so it has simi­
lar stiffness in the positive moment region as in the negative 
moment region. This will require increasing the area (and 
especially the thickness) of the seat angle and increasing the 
area of the web angles. It is recommended to provide a seat 
angle area of 1.5 times that required for negative moments 
and increasing the size of the web angles by 50 percent from 
that required for shear. These increases are needed because 
the connection angles have different behavior when loaded 
in tension from that when loaded in compression, as illus­
trated in Fig. 2. 

Step 2: Determine preliminary column sizes. Typically for 
frames constructed with semi-rigid connections, stiffness 
under service load conditions is going to control the column 
sizes for all but the uppermost floors. For this reason it is 
best to determine initial column sizes based on a stiffness 
calculation. One method for obtaining approximate column 
moments of inertia for semi-rigid frames is as follows: 

The lateral deflection of one floor (assume this is equal to 
the drift limit times the floor height) can be expressed by: 

A = PfflaEU^^i (1) 

where 

P 
H 
a 
E 

the total lateral load on the floor 
the story height 
varies between 3 and 12 
Young's modulus 
the sum of the moments of inertia for all of the 
columns on that floor 

if the base of the floor is assumed to be fixed. In Eq. l a 
equals 12 if the top of the columns do not rotate with respect 
to the floor and 3 if the tops are free to rotate (see Fig. 3). 
For most buildings the value of a will be between these two 
extremes, a = 12 would be the case if the connections and 
beams are rigid and a = 3 when the connections and beams 
provide no restraint for the top of the columns. To deter­
mine a for buildings with restraint provided to the column 
tops by beams and connections with intermediate rigidity 
a convenient equation which provides good results is: 

c = 3 + 9e-^^ (2) 
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where where 

GF 
= sum of I for all columns on the floor 
= moment of inertia of the composite beam 
= connection stiffness factor, defined by: 

/5, = 1/(1 + 2EIJLQ 

— connection tangent stiffness 

(3) 

The expression for a requires ELI^oilH, which is still an 
unknown. Therefore, solving Eq. 1 for ELI^^ilH will 
require an iterative technique, or else, Eq. 2 can be sub­
stituted into Eq. 1 and ELIcoi can be obtained numerically. 

If the columns from the stiffness analysis have much larger 
moments of inertia than the beams determined from the 
gravity load analysis of the floor, it may be desirable to 
increase the size of the beams to have a moment of inertia 
of approximately 0.5/̂ /̂ and the strength of the connections 
so that M„ ̂ remains about O.SMp of the beam in order to 
improve the stiffness of the frame for lateral loads. If the 
beams or connections are too flexible the columns will behave 
independently, producing large drifts, instead of as a semi­
rigid frame. 

Step 3: Check the columns chosen in Step 2 for the loading 
condition 1.2Z) -h 0.5L -h \3W (or 1.3£). In general the 
strength of the composite beam at mid-span will be much 
larger than the strength of the connections, so the mecha­
nism which will govern lateral load carrying capacity is the 
sway mechanism. The preliminary column section for lateral 
load should be determined by assuming a single story sway 
mechanism, which will give a required T^Mp for the col­
umns. The value of EM^ does not include any contribution 
from P-A moments, which are generally significant in frames 
with semi-rigid connections, so it is recommended to add 
to it the moment caused by the total gravity load of the floor 
acting at an eccentricity equal to the desired drift limit: 

M, P-A EP X A. (4) 

LP 

Kii 

the moment due to the P-A effect 
the total gravity load acting at this level 
the allowable story drift 

This summation of moments must be resisted by the moments 
at the top and bottom of the columns of the floor in 
consideration. 

It is not necessary to apportion this moment evenly among 
all of the columns and the designer may choose to assign 
more of it to the interior columns than to the exterior ones. 
In general the column end moments at the base of a build­
ing with fixed bases will be much larger than the moment 
at the top end of these columns, that is, the inflection point 
for the base columns will not be in the middle of the story, 
but rather, they will be closer to the top of the floor. For 
this reason it is recommended that a conservative assump­
tion for preliminary design is to assume the base moment 
is equal to three times the top moment for columns rigidly 
attached to a foundation. This is the same as assuming the 

Fig. 2. Behavior of the connection angles when loaded in 
compression or tension. 
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Fig. 1. Typical semi-rigid composite connection. 
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Fig. 3. Effect of beam rigidity on story sway mechanism. 
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inflection point is at 0.75// from the base of the columns. 
For other floors the moments at the two ends of the columns 
will not necessarily be equal, and it is recommended to 
assume the higher column end moment is equal to 1.67 times 
the smaller end moment. This is especially true at floors 
where there is a change in column sections or beam sections, 
as the relative rigidity of one end will be greater than the 
other. Using the resulting values as M^oi and the axial load 
determined from the applied gravity loads (using 1.2D + 
0.5L) plus the axial load determined from the applied lateral 
loading, assigned to the columns assuming pins at the bases, 
a column can be chosen based on: 

M,,i = USMp(l - P/Py) (5) 

and the interaction equations for combined moment and axial 
load (Eq. H-la and Hl-lb of the LRFD Specification): 

for PJ<\>,P, > 0.2, 

P^ % t M,.. M, 

<\>cPn "^ 9 

for P,/(j),P„ < 0.2, 

( f )^M^ <\>kM, 

u M„, M„. 

2(\>,P, I (\>i,M^ ^tMn: 

< 1.0 

1.0 

(6) 

(7) 

If the columns chosen for stiffness are not adequate for the 
combined gravity and lateral loading, stronger sections must 
be chosen which will meet the required strength criteria. 

Step 4: Check the columns chosen from Steps 2 and 3 for 
the loading condition 1.2D + 1.6L using /T-factors from the 
sway permitted alignment charts of the LRFD Manual. The 
G factors should be determined from: 

G = (i:EUH)K^PbEIJL) (8) 

where the summations are for all beams and columns fram­
ing into the joint at either the top or bottom of the column. 

The moments at the interior columns are zero, while the 
moments at the exterior columns should be assumed as 
MJ2, where M^ is the moment for which the connection is 
designed. In general the flexibility of the exterior columns 
will reduce this moment, but this is a good value for initial 
design. 

Step 5: Once the preliminary member sizes have been deter­
mined a more exact analysis of the frame should be done. 
This will require taking into account second order moments 
and semi-rigid connections. 

Semi-rigid composite frames have much better behavior than 
other semi-rigid frames when subjected to combined gravity 
and lateral loads. Generally semi-rigid connections are very 
nonlinear, but semi-rigid composite connections have nearly 
linear behavior in the service region, and the complete 
moment rotation curve can be modelled quite accurately with 
a tri-linear curve. This tri-linear curve is obtained from an 

exponential moment rotation curve developed for this type 
of connection using a finite element model developed by 
Lin̂ ^ and implemented by Kulkarni^^ (see Fig. 4). The 
exponential curve is: 

]̂ 4- C3 X ^ M(e) = Cl[l - e -Cl X 01 
(9) 

where 

Cl 
C2 
C3 

= A.FyM + Yl) 
= ?>2.9{AJA,f'\d + Y2) 
= 2AFy,iA,i{d + Y2) 
= rotation in radians 

The tri-linear curve can be obtained from this exponential 
curve by assuming the first linear portion has a slope equal 
to 0.8 times the initial slope of the exponential curve, that 
is SI = 0.8(C1 X C2 + C3). This linear portion of the curve 
continues until it intersects the exponential curve. This will 
occur when: 

SI X Si = Cl[l - -C2d\ ] -h C3 X ^ (10) 

where 61 is the rotation at the intersection and 5/ x ^ is 
the moment at the intersection. Finding this point will involve 
solving Eq. 10, which is nonlinear; therefore, the solution 
must be obtained numerically or graphically. The second lin­
ear portion goes from this point until the point where the 
exponential term has reached 10 percent of its initial value, 
this occurs when e'^^^ = 0.1, or 02 = /n(0.1)/-C2. The 
moment at this point is 0.9C1 -f- C3 x ^ . The third linear 
portion extends from point {02,Ml) to ^3 = 0.02 and M3 
= Cl + 0.02C3. The value of 0.02 for 03 was chosen as 
a limit because it is unlikely that a connection will be able 
to obtain this rotation in a frame which is serviceable. The 
tests conducted on these types of connections have shown 
they have sufficient ductility to easily surpass this rotation. 

0 -f I I I I I 1 I I I i I I 1 I I I I I I i I I I I I I I "I I I I -1 • I I I I I I I I 
0.00 5.00 10.00 15.00 20.00 

Rotation (mil l i -radians) 

Fig. 4. Exponential moment-rotation curve with tri-linear 
approximation. 
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The calculation of drift for serviceability requires a second 
order analysis because of the semi-rigid nature of the con­
nections. Usually for frames less than ten stories the P-A 
moments are small, and many designers do not perform sec­
ond order analysis for these structures. When the connec­
tions are semi-rigid, however, the drifts associated with even 
these low-rise structures can be substantial and the P-A 
moments can become significant. For this reason it is recom­
mended that a second order analysis be used for all struc­
tures with semi-rigid connections. 

If this second order analysis results in combinations of 
moment and axial load for the columns and mid-span 
moment for the beams less than those assumed for the 
preliminary design, the frame is adequate for strength. If 
the lateral deflection for each story of the frame is less than 
the story drift limit (and if the top story drift is less than 
the frame drift limit, if these are different) the frame is ade­
quate for lateral stiffness. 

A check should also be made here for the adequacy of the 
connections. If any connection rotation is greater than 0.020 
radians, the connection should be stiffened. It is very unlikely 
a frame which meets all serviceability criteria could have 
connection rotations this large. If the moment at any con­
nection is greater than the assumed moment from Step 1, 
that connection must be strengthened. If the frame is ade­
quate, the final design of the connections can be done. The 

number of bolts required can be determined from the largest 
moment at the connection, as the stiffness of the connec­
tion, prior to slip, is not affected by the number of bolts. 

If the preliminary design proves to be too flexible, or fails 
due to stability the frame must be stiffened. This can be done 
in several ways. The least expensive way is to increase the 
stiffness of the connections by increasing the size of the con­
nection angles and the amount of reinforcing which is con­
tinuous across the slab. If the connections have reached their 
maximum size and the drift is still too large then the fram­
ing members must be strengthened. If the depth of the beams 
is increased this will also increase the strength and stiffness 
of the connections, or else the stiffness of the columns can 
be increased, either by using deeper columns of the same 
nominal weight, or by using heavier columns of the same 
depth. 

Step 6: The analysis procedure described in Step 5 is very 
lengthy, and requires a large amount of computer time. An 
alternative, although less exact method, is to assume the con­
nection behaves as a linear spring with stiffness equal to the 
secant stiffness to point (62, Ml). This rotation is generally 
greater than the actual connection rotation, so this will pro­
vide conservative values of frame stiffness. Another way to 
make the analysis easier to eliminate the P-A terms from the 
stiffness matrix. These two assumptions reduce the prob­
lem to a linear analysis. However, care must be taken to 

6.3 k 

12.6 k 

12.6 k 

12.6 k 

' 

/////// 

r 1 

' 

1 

1 

r 

' 

' 

' 

///J 

\ 

' 

7/ 

' ' 

' 

\ 

' 

' 

' 

' 

r 

///! 

' 

' 

' 

fir 

' 

' 

r ' 

1 

' 

' 

///) 

^ 

' 

! 

1 

w 

' 

' \ 

' 

1 

f 

' 

' 

' 1 

TTZT: 

4 Q 30 ft. = 120 ft. 

Fig. 5. Elevation of 4-story building of Example 1. 
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ensure the results are conservative, and a degree of engineer­
ing judgment is required. 

DESIGN EXAMPLE 1 

To illustrate how this method works for a frame, the 4-story 
frame of Fig. 5 will be designed using W18 beams and WlO 
columns. The girders have beams framing into them at the 
third points, and it will be assumed that all of the floor load 
is transferred to the girders from these beams. The frames 
are spaced at 30 ft, have a bay spacing of 30 ft, and a story 
height of 14 ft. The floor slab is 5 in. thick with 2 in. metal 
deck, using 3000 psi lightweight (110 pcf) concrete. Use the 
same columns for the first and second floors and for the third 
and fourth floors. The wind loading is assumed to be con­
stant over the height of the building, and is reduced to point 
loads at the floor levels. The beams, columns, and connection 
angles are A36 steel and the reinforcing bars are Grade 60. 
The drift limit for any floor of the structure is H/400. 

Loading: 

(b) For 0.5 live load: 

M^, = 491.5 kip-in. 

floor dead load = 
floor live load = 
roof dead load = 
roof live load = 
lateral load = 
construction load = 

these to point loads 

PD = 15.0 kips 
P^f = 18.4 kips 
Pz. = 15.0 kips 
P^f = 24.0 kips 
Pi^ = 7.5 kips 
Pc = 6.0 kips 
Pcf = 9.6 kips 
Wf = 12.6 kips 
W, = 6.3 kips 

50 psf 
50 psf 
50 psf 
50 psf 
30 psf 
20 psf 

gives: 

Step 1: A gravity load analysis requires a Wl8x55 for the 
factored construction loading. This beam is adequate for the 
factored service loading without any end moment, but pro­
vides end restraint of M^^ = Mpl2 = 2016 kip-in. This 
requires: 

Asi = 5.07 in.^—use % in. thick X 8 in. long— 4̂̂ / = 
5.0 in.2 

A, = 1.52 in.^—use 8 #4 bars—^, = 1.6 in.^ 

Calculate the beam end moments and rotations for Pif and 
for PL^: 

(a) For 1.6 live load: 

M„, = 1471 kip-in. 
= 0.001183 Rad. ^srf 

^srf = 0.000286 Rad. 

which gives: 

13b = 0.74 

which gives: 

P, = 0.85 

Step 2: Get preliminary column sizes by designing for drift. 
Let SI = ELI,JH and SI = T.^kEI.JL. Substituting these 
values into Eqs. 1 and 2 and substituting Eq. 2 into Eq. 1 
gives: 

A = PH2l{0 + 9,-^^'^^)Sl 

for this building and loading, at the first floor: 

P = (3 X 12.6 + 6.3) = 44.1 kips 
H = 168 in. 
SI = Ax 0.85 X 29000 x 1630/360 = 503,000 kip-in. 
A = 168/400 = 0.42 in. 

Solving numerically gives: 

SI = 438,000 kip-in. and LI,^i = 2535 in.^ 

For the second floor columns a similar analysis gives: 

SI = 250,000 kip-in. 

For these columns, however, the bases are not fixed so Eq. 1 
will yield a value of LI^oi which is too low. An analysis 
similar to the one for the base columns with differing rigid­
ity at the tops could be done for this partial rigidity at the 
bottom, but for preliminary design this is not necessary, and 
increasing the required column stiffness by a factor of 1.5 
seems to give good results. This gives EI^oi = 2169 in."̂  
Therefore for this example the first floor governs. 

Assuming the interior columns are 1.5 times as stiff as the 
exterior columns gives: 

4 , = 585 in.* 
/a, = 390 in." 

A similar analysis for the third floor gives: 

4 , = 255 in.^ 
/^, = 170 in.^ 

The required columns for drift are: 

Base — Int. WlOxlOO 
- Ext. W10X68 

Third - Int. W10x49 
- Ext. W10X33 

Step 3: Calculate column axial loads and moments for gravity 
plus lateral load case. 

(a) The axial loads from gravity loading: 

Third — Int. P = 153 kips 
— Ext. P = 76.5 kips 

Base — Int. P = 306 kips 
— Ext. P = 153 kips 
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To determine the axial load on the column assume the over­
turning moment of the building at that level is entirely resisted 
by axial loads in the columns. Assume the load in each col­
umn is proportional to the distance the column is from the 
center of the building (cantilever method). For this frame, 
this yields /^^ = 2/}„̂ , and the center column has no addi­
tional axial load. Adding these axial loads to those from the 
gravity analysis gives: 

Third 

Base 

- Int. 
— Ext. 
- Int. 
— Ext. 

P 
P 
P 
P 

= 
= 
= 
= 

155 
19.1 
312 
165 

kips 
') kips 
kips 
kips 

(b) Moments: For bottom floor columns assume first floor 
sway mechanism: 

LM = 1.3 X (3 X 12.6 + 6.3) x 168 = 9631 kip-in. 
Mp^ = (2 X 153 + 3 X 306)168/400 = 313 kip-in. 

Assume the moment in the interior columns is 1.5 times the 
moment in the exterior columns, and the base moment is 
three times the bottom moment. This yields: 

Mint 

^Ext 

1721 kip-in. 
1147 kip-in. 

For the third floor columns assume single floor sway 
mechanism: 

LM = 1.3(12.6 + 6.3)168 = 4128 kip-in. 
Mp^ = (2 X 76.5 + 3 X 153)168/400 = 257 kip-in. 

Assume the moment in the interior columns is 1.5 times the 
moment in the exterior columns, and the moment at one end 
of the columns is 1.67 times the moment at the other end. 
This yield: 

Mint — 607 kip-in. 
^Ext — 405 kip-in. 

Check the columns required for the drift analysis using Eq. 6. 
This procedure will be shown for the top exterior column 
as an example. 

For W10X33: 

A = 9.71 in.2 
/ = 170 in.^ 
Z = 38.8 in.^ 

The loading is: P = 79.5 kips 

From Eq. 5: 

M = 405 kip-in. 

M,^i = 1.18x8.8x36[l-79.5/(9.71x36)]=1273 kip-in. 
Gtop = (2 X 170/168)/(0.85 x 1630/360) = 0.53 
Gtot = ([170 + 394]/168)/0.85 x 1630/360) = 0..87 

which yields K 
= 264 kips. 

1.17, and from the LRFD Manual <i>,P,r 

Eq. 6 becomes: 

79.5/264 + (8/9)405/(0.9 x 1273) = 0.62 < 1.0 OK 

Similarly, all of the other columns are OK for this loading. 

Column 

Third - Int. 
- Ext. 

Base — Int. 
- Ext. 

P 

252 kips 
126 kips 

504 kips 
252 kips 

M 

0.0 
736 kip-in. 

0.0 
736 kip-In. 

Checking the columns from the drift analysis for this load­
ing using Eq. 6, shows the third floor exterior column needs 
to be a W10X39, the rest of the columns are OK. 

Step 5: The results from a second order analysis of the frame 
taking into account the semi-rigid connections gives the fol­
lowing lateral deflections: 

Top floor: 
Third floor: 
Second floor: 
First floor: 

A 
A 
A 
A 

= 1.247 
= 1.119 
= 0.759 
= 0.369 

in. 
in. 
in. 
in. 

drift 
drift 
drift 

= 0.128 in 
= 0.360 in 
= 0.390 in 

All of these are less than the allowable drift of 0.42 in. There­
fore the frame is slightly too stiff and lighter columns can 
be used. For a second iteration try lighter interior columns. 
Try: 

Base — Int. WlOx88 
Third - Int. Wl0x45 

These columns lead to the following deflections: 

Top floor: 
Third floor: 
Second floor: 
First floor: 

A 
A 
A 
A 

= 1.328 
= 1.194 
= 0.816 
= 0.401 

in. 
in. 
in. 
in. 

drift 
drift 
drift 

= 0.134 in. 
= 0.378 in. 
= 0.415 in. 

Semi-Rigid Connections 

- - - - Rigid Connections 

— Linear Springs (no P-delt«) 

0.5 1.0 i 5 

Lateral Roof Deflection (inches) 

Fig. 6. Load-deflection curve for the top of the 4-story 
building. 
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The value for drift between the first and second floor is 
L/405, which is slightly less than the allowable L/400. The 
total drift for the frame is L/506, much less than the required 
L/400. The loads and moments for all of the members are 
less than their capacities. Figure 6 shows the load-deflection 
curve of this frame with semi-rigid composite connections. 
Also shown in the figure are the load-deflection curves for 
the same frame with rigid connections and the results of the 
simplified analysis which neglects the nonlinear nature of 
the moment-rotation curve and the P-A effects. 

The maximum connection rotation achieved under 1.3]^ was 
0.015 radians, much less than the 0.020 radian rotation limit 
for this type of connection. This value of rotation is typical 
for frames designed with this procedure, because larger rota­
tions will result in excessive lateral drifts. The final connec­
tion design for this example is given in Appendix B. 

Step 6: The analysis of this frame using linear springs and 
ignoring second order (P-A) effects gives the following 
results: 

Top floor: 
Third floor: 
Second floor: 
First floor: 

A 
A 
A 
A 

= 1.449 
= 1.296 
= 0.880 
= 0.420 

in. 
in. 
in. 
in. 

drift 
drift 
drift 

= 0.153 in 
= 0.416 in 
= 0.460 in 

This analysis gives large deflections and story drifts for each 
floor than the more exact method, and the drift of the sec­
ond floor is greater than the allowable 0.420 in. If this method 
was used for the design of this frame, the frame would have 
to be strengthened slightly to reduce the second story drift. 
Therefore, for this example, using the simplified method of 
analysis would result in a conservative design. 

COMPARISON WITH RIGID FRAME DESIGN 

If the same sections are used with rigid connections the 
resulting deflections are: 

Top floor: A = 1.104 in. 
Third floor: A = 0.991 in. 
Second floor: A = 0.671 in. 
First floor: A = 0.348 in. 

drift = 0.113 in. 
drift = 0.320 in. 
drift = 0.323 in. 

The use of rigid connections results in a maximum story drift 
of L/520, and a total building drift of L/609. The forces in 
the members are very similar for both cases, with slightly 
smaller column moments in the rigid frame due to decreased 
P-A moments. 

Alternatively, the frame can be redesigned with rigid con­
nections so the drifts are comparable to those with semi-rigid 
connections. If the column sizes are kept the same and the 
beam sizes are reduced until the deflections are similar, the 
resulting composite beams are Wl8x35, which are approxi­
mately 33 percent less stiff than those required using semi­
rigid connections. This is as expected, because the effect of 
the semi-rigid composite connections in this example is to 

reduce the effective beam stiffness by about 33 percent. The 
weight savings (36 percent) for the rigidly connected frame 
will be offset by the added cost of the fully welded rigid con­
nections. Also the rigid connections will generally require 
column stiffeners, while the semi-rigid composite connec­
tions generally do not. If the frame is to be designed with­
out composite beams, and with rigid connections, the 
required beam would be a W18x76 or a W21X62 or a 
W24X55. 

DESIGN FOR CYCLIC LOADS 

If the semi-rigid composite frame is subjected to cyclic load 
at a level equal to \.3W and then checked at a level of load 
equal to LOW the deflections are: 

Top floor: 
Third floor: 
Second floor: 
First floor: 

A 
A 
A 
A 

= 1.336 
= 1.202 
= 0.822 
= 0.404 

in. 
in. 
in. 
in. 

drift 
drift 
drift 

= 0.134 in 
= 0.380 in 
= 0.418 in 

These are only slightly larger than those from the monotonic 
loading to this level, showing the excellent behavior semi-
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Fig. 7. Elevation of 10-story building of Example 2. 
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rigid composite connections have when subjected to cyclic 
loads. 

DESIGN EXAMPLE 2 

This example will briefly describe the design of the 10-story 
frame shown in Fig. 7. The bay length is 24 ft and the col­
umn height is 13 ft. The frame spacing is also 24 ft. The 
floor girders have beams framing into them at midspan, and 
this is assumed to be the only load acting on them. The bot­
tom four floors have 3 in. metal deck with 3 in. of concrete 
cover. The other floors have 2 in. deck with 3 in. of con­
crete. The concrete is 3500 psi lightweight (110 pcf). Use 
the same columns for the first four floors and for floors 5-7 
and 8-10. Use the same beams for the first four floors and 
for all other floors. The beams, columns, and connection 
angles are A36 steel, and the reinforcing bars are Grade 60. 
The drift limit for any floor of the structure is H/400. 

Base Ext. 
Int. 

2610 in.^ 
3910 in.^ 

Loading: floor dead load 
floor dead load 
floor live load 
floor live load 
roof live load 
construction load 
lateral load 

As point loads: 

all floors: 
CL = 5.76 kips 
CLF = 9.22 kips 
bottom 4 floors: 
DL = 20.16 kips 
DLF = 24.19 kips 
LL = 28.80 kips 
LLF = 46.08 kips 
other floors: 

70 psf (bottom 4 floors 
60 psf (all other floors) 
100 psf (bottom 4 floors) 
40 psf 
40 psf 
20 psf (all floors) 
30 psf (uniform) 

DL = 
DLF = 
LL = 
LLF = 
roof: 
LL = 
LLF = 
lateral: 
W = 

17.28 kips 
20.74 kips 
17.28 kips 
27.65 kips 

11.52 kips 
18.43 kips 

9.36 kips 

Step 1: Required beam for gravity loads: 

Bottom floors 
Other floors 

W18X40 
W18X40 

Step 2: Assume /3̂  = 0.80: 

Allowable drift = 156/400 = 0.39 in. 
Required moments of inertia: 

These moments of inertia are much larger than those of the 
beams, so it will be beneficial to increase the sizes of the 
beams and connections. Try using W18x55 beams (7,.̂  = 
1700 ~ bottom floors and 7,.̂  = 1570 - other floors) with 
ft, = 0.85: 

The required 

Base 

Mid 

Top 

Ext. 
Int. 
Ext. 
Int. 
Ext. 
Int. 

column moments of 

- 2490 in.4 
- 3730 in.^ 
— 1170 in.^ 
- 1760 in.^ 
- 264 in.4 
- 395 in.4 

Using W14 columns, the required 

Base 

Mid 

Top 

Ext. 
Int. 
Ext. 
Int. 
Ext. 
Int. 

— W14X211 
- W14X283 
- W14X109 
- W14X159 
- W14X30 
_ W14X43 

inertia become: 

sections are: 

Steps 3 & 4: Check for strength: All columns except top 
exterior are OK. 

This column needs to be Wl4x43 also. 

Step 5: The results of the second order analysis for this frame 
taking into account the semi-rigid connections gives a max­
imum story drift of 0.58 in. for the second floor, which is 
too flexible. A warning of this outcome was the relatively 
large ratio of column moment of inertia to beam moment 
of inertia for the bottom floors. To improve this behavior 

Semi-Rigid Connections 

- - Rigid Connections 

- — Linear Springs (no P-delta) 

Fig. 8. Load-deflection curve for the top of the 10-story 
building. 
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try using W21X50 beams {I^b 
4 floors. 

2210 in."̂ ) for the bottom 

The results of the second order analysis with these beams 
has a maximum story drift of 0.425 in. = L/367, which is 
slightly larger than the target L/400. The total building drift 
is L/484, much less than the allowed L/400, call the design 
OK. If the drift is unacceptable try increasing the connec­
tions, beams, or columns slightly. 

The load-deflection curve for this frame is shown in Fig. 8, 
along with the curves for the same frame with rigid connec­
tions, and the results of the simplified analysis. 

Step 6: If the frame designed in Step 5 is analyzed using 
the simplified method the maximum story drift is L/326, 
which is much more than the allowable L/400, and consider­
ably greater than L/367 determined with the more exact anal­
ysis. For this frame using the simplified method of analysis 
would result in a conservative design. 

COMPARISON WITH RIGID FRAME DESIGN 

If the same frame is analyzed using rigid connections the 
maximum story drift is L/589, which is 62 percent of the 
drift for the semi-rigid frame. If the frame is designed so 
the drift is L/400, keeping the same column and reducing 
the beam size, the required beams are W18x50 for the bot­
tom floors and W18X35 for the other floors. The moments 
of inertia of these beams are 1690 in."̂  for the bottom floors 
and 1227 in."̂  for the top beams. These values are about 78 
percent of the stiffnesses for the beams required for the semi­
rigid frame, which is approximately the value of jŜ . 

DESIGN FOR CYCLIC LOADS 

When the semi-rigid composite frame is subjected to cyclic 
loads at a level equal to 13W, and then checked for deflec­
tions at a level of loading equal to LOW, the maximum story 
drift is L/346 on the fifth floor. The drift for this floor not 
considering cyclic loads was L/367. The increased damage 
due to cycling at 13W caused a 6 percent increase in the 
deflection of this floor. The total building deflection after 
cycling is L/460, which is 5 percent greater than the build­
ing drift not considering cyclic loading. 

CONCLUSIONS 

A straightforward procedure for the design of unbraced 
frames with semi-rigid composite connections has been 
developed in this paper. The method gives good results, and 
usually will converge to the final design in very few itera­
tions. The method takes into account both the strength and 
the lateral stiffness of the designed frame. Using this method, 
frames up to 10 stories have been successfully designed. Due 
to the large connection stiffnesses which are possible with 
semi-rigid composite connections, the frames designed are 
very comparable to ones with rigid connections. The frame 

in Example 1 has a total building drift 20 percent more than 
the same frame with rigid connections, and the frame of 
Example 2 had a drift 35 percent more than the same frame 
with rigid connections. The very low cost of construction 
with semi-rigid composite connections will offset any 
increase in cost derived from the larger sections which may 
be required to limit this extra drift. 

Several simplifications and arbitrary assumptions made in 
the procedure stem from trial designs made by the authors. 
It is left to the judgment of the structural engineer to accept 
or modify these values. In general the selection of these terms 
was made on the conservative side to eliminate the need for 
many iterations. The design of these frames using the sim­
plified procedure should probably be limited to four to six 
stories; taller frames should include a more exact analysis 
(including second-order effects) as the last step of the 
procedure. 
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APPENDIX A: LIST OF SYMBOLS 

service dead load 
factored dead load 
service live load 
factored live load 
point load on girder due to service dead load 
point load on girder due to service live load 
factored PD 
factored PL 
factored point load on girder 
construction dead load 
factored construction dead load 
construction live load 
factored construction live load 
factored construction loads 
factored point load on girder (construction) 
maximum construction moment 
maximum centerline moment at ultimate 
plastic moment capacity of steel section alone 
plastic moment capacity of composite section 
design dead load moment 
ultimate live load moment at the connection 
ultimate live load moment assuming simple 
supports 
elastic section modulus of the steel beam 
plastic section modulus of the steel beam 
ultimate horizontal force in seat angle 
depth of the steel beam 
distance from top of the beam to center of slab force 
required area of seat angle leg 
shear force on an individual bolt 
width of seat angle 
thickness of seat angle 
yield strength of slab reinforcing steel 

Mes 
Meu 
M, 
0. 

•fef 

Mfe 

^LBp 

^LBn 

^srf 

M„ 
M, srf 

= yield strength of seat angle steel 
= area of slab reinforcement required 
= moment capacity at service load rotation 
= moment capacity at ultimate load rotation 
= fixed end moment for factored loads 
= support rotation for simply supported beam under 

factored loads 
= fixed end moments for service loads 
= support rotation for simply supported beam under 

service loads 
= moment of inertia for composite section 
= lower bound moment of inertia for positive moment 
= lower bound moment of inertia for negative 

moment 
= rotation at intersection of service beam line and 

moment-rotation curve 
= rotation at intersection of factored beam line and 

moment-rotation curve 
= service load moment at support 
= factored load moments at support 

APPENDIX B 

Design of the connection angles for Example 1: 

The seat angle has A^i = 5.0 in.^ 
For a W18X55, d = 18.11 in. 
For the slab configuration of this example, 72 = 4.0 in. 

The maximum connection moment for lateral loading is 
1451 kip-in. 

The maximum connection moment for gravity loading is 
1530 kip-in. 

The bolts of the seat angle to the beam flange are slip-critical, 
so they must be designed for slip at service load levels. There­
fore, the gravity loading moment which must be resisted by 
the slip capacity of the bolts is 1530/1.6 = 956 kip-in. and 
the maximum for lateral loading is 1451/1.3 = 1116 kip-in. 
The bolt design is governed by the lateral loading. 

H^ = 1116/(18.11 + 4.0) = 50.48 kips 

If there are 4 bolts, the capacity of each bolt must be 12.6 
kips. This requires 1 in. A325 bolts. 

The maximum shear at the beam ends is 44 kips, which 
would require three % in. A325 bolts with the threads in­
cluded in the shear plane. Bearing on the beam web is OK. 
The minimum thickness for an L4x4 angle is ^̂  in., which 
would be adequate for the shear. Since this connection will 
experience positive moment, it is recommended to increase 
this thickness by 1.5 so use 2Z4x4x%in. 8.5 in. long with 
three % in. A325 bolts. 
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