Calculation of Wind Drift in
Staggered-Truss Buildings

R. E. LEFFLER

The important feature of a staggered-truss framing system
is the story-high steel trusses that span the full width of the
building. These trusses are used in a staggered arrange-
ment, so that they occur at every other column row on each
story. The floors, typically precast prestressed concrete,
span from the bottom chord of one truss to the top chord of
the adjacent truss, so that the span of the floor system is half
the truss spacing.

As the height of steel-framed staggered-truss buildings
is extended beyond 20 stories, the need for calculating wind
deflection (drift) becomes more important. However, be-
cause the staggered-truss system differs from conventional
framing systems, the appropriate method for calculating
drift may not have been apparent. Consequently, a method
was developed for calculating drift in staggered-truss
buildings and, through finite-element computer analysis,
the accuracy of the method was verified. Specifically, a
NASTRAN model was made for the building described
in this paper, and a complete analysis was made to calculate
the deflections on each floor. The result showed that the
difference in results between the handwork calculations and
the NASTRAN analysis was generally less than 1.5%. A
design example is presented to illustrate the hand-calcu-
lating method.

Appendix B, Sheets 1 through 24, show the drift calcu-
lations for a typical interior bay from the building described
in Ref. 1. (Appendix A presents the Nomenclature and
Equations used in the analysis.) Although the drift of an
end bay would be somewhat different, for most practical
buildings the drift is considered to be governed by the be-
havior of the interior bays.

Sheet 1 shows the building selected for the design ex-
ample.! Sections 1 and 2 show the arrangement of the
structural framing on adjacent column rows. As illustrated
on Sheet 2, the horizontal wind load is transferred alter-
nately between the trusses in Section 1 and the trusses in
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Section 2 (by the floor slabs acting as diaphragms) as it
accumulates down the building. However, the vertical re-
actions from the wind accumulate directly on each column
in the section where they are first developed. An under-
standing of this load-transfer system is important in fol-
lowing the drift calculations and in checking the resistance
to overturning as described in the following section.

In general, only the calculations of overturning and wind
drift are considered; all other conditions must be examined
independently.

OVERTURNING

An important step in the early stages of building design is
to check the resistance of the structure to overturning. The
wind load acting on the vertical face of the building causes
an overall bending moment on any horizontal cross section
of the building. This moment, which reaches its maximum
value at the base of the building, causes the building to tend
to rotate about the leeward column and is called the over-
turning moment. The overturning moment causes com-
pression in the leeward columns and tension (uplift) in the
windward columns. The dead load generally causes com-
pression in all columns, thus reducing the tension in the
windward columns and providing resistance to overturning.
Although the foundation weight could be used to provide
resistance to overturning, it is usually considered desirable
for all columns to be in a state of compression under the
combined action of the wind load and dead load, with the
compression load exceeding the tension load by a suitable
margin in accord with building code requirements.

In the staggered-truss system, the wind-induced tension
in the columns is found by summing the vertical-truss re-
actions caused by the horizontal wind loads. From Sheet
2

R =2W X (D/L) (1)

where R is the vertical-truss reaction caused by the hori-
zontal wind load W; D is the depth of the truss (story
height); and L is the span of the truss. The factor of 2 arises

FIRST QUARTER / 1983



because each truss resists the wind load of a two-bay
width.

Summing the vertical-truss reactions leads to the fol-
lowing two equations for the vertical-column forces at the
base of the building caused by the wind load:

Ry1 =2(D/L) [Wa+ Wig....+ Wol+ Fygp  (2)
sz = Z(D/L) [W19 + W17 +....+ Wg,] (3)

Rp1 and Ry are the vertical-column forces at the base of
the building for Sections 1 and 2, respectively, caused by
the wind load; W is the total wind load transferred by the
truss in the story denoted by the subscript; Fyxp is the
vertical component of the axial force in the wind brace
caused by the wind load; and D and L are as defined in
Eq. (1).

the incremental wind loads, W;, in Egs. (2) and (3) are
summed on the wind-load diagram! on Sheet 3 and are
shown as cumulative wind loads. The vertical-column re-
actions (tension on the windward column) are determined
on Sheet 4. For Section 2, the final vertical-column reac-
tions at the base are +191.0 kips. However, the total wind
load for the building in Section 1 (209.9 kips) is passed to
the foundation by the wind braces. The vertical component
of the axial force in the wind brace (267.4 kips) adds to the
vertical-column force at the base in Section 1, resulting in
final vertical-column reactions at the base equal to 477.3
kips as shown in the diagram on Sheet 4. Dead loads are
taken from the design example,! and the total dead load in
the columns is determined. The ratio of the dead load to the
vertical-column force caused by wind is 3.12 for Section 1
and 7.80 for Section 2.

WIND-LOAD DISTRIBUTION

A pattern of shear flow through the floor slab caused by the
wind loads is shown on Sheet 5. The wind shear shown is
for one bay. The total wind shear in the trusses is twice this
value because of the contribution from the adjacent bay. By
using this pattern, the wind shear in the floor slabs and
trusses throughout the building is tabulated on Sheet 6.

COMPONENT DISPLACEMENT

The deflection-force relationships for the structural com-
ponents are determined first. These relationships are then
used to tabulate the total drift. Equations used in the fol-
lowing calculations are shown in Appendix A.

Floor Slab—The hollow, precast floor plank shown on
Sheet 7, which is typical of those available, will be used in
this example. Only the continuous thickness of the floor slab
(the top 1Y4-in. and the bottom 1%;-in.) is considered ef-
fective. Because the displacement of the floor slab is dom-
inated by shear, with a small additional contribution from
bending, fixed-boundary conditions are appropriate for an
interior bay.
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Properties are calculated in accordance with the
American Concrete Institute Code,2 Sheet 7. The shear
component of the displacement is found by first determining
the angular shear distortion and then multiplying it by the
span of the floor, Sheet 8. Because the floor slab acts as a
beam with a depth of 2.5 times the span (depth = 60.0 ft;
span = 24.0 ft), ordinary equations for bending deflection
are not strictly correct. However, because the bending
component of the displacement is only about 5% of the total,
results obtained by using ordinary deflection equations are
adequate. The total displacement is determined by
summing the bending and shear displacement, as shown
on Sheet 8. Because a unit load was assumed to act on the
slab, the resulting displacement is the unit-deflection-force
relationship for the slab.

Trusses—The deflection-force relationship for the trusses,
determined by using the method of virtual work,? is shown
on Sheets 9 tl.rough 13. In this method, the reactions and
internal forces must be determined for both the “real load”
and a dimensionless “virtual load.” Sheet 10 represents both
loads, including their reactions and forces. The total de-
flection is the sum of that caused by bending effects in the
top and bottom chords, Sheet 11, and that caused by axial
effects, Sheet 12. The appropriate equations for calculating
the deflection are shown on Sheets 11 and 12, and further
explanation is presented as follows.

A finite-element computer analysis used in verifying this
calculation method indicated that the shear flow between
the trusses and the floor slabs is such that the force in the
truss chords can be considered to be zero except for the
bottom chord of the second-story truss. Consequently, the
wind load applied to the truss top chord and the reactions
in the bottom chord, Sheet 10, are distributed so that the
axial force in the chords is zero; the horizontal component
of the diagonals balances the applied load (or reaction) at
each truss panel point.

With the virtual-work method, a unit virtual load is
placed at the point where the deflection is to be determined.
In the truss chords for which the axial force is zero, the
horizontal displacement is the same everywhere along these
chords, and the placement of the unit virtual load and its
reactions is not important.

In Ref. 1, the vertical shear in the center panel of the
truss was distributed in accordance with the moment of
inertia of the top and bottom chords. However, the com-
puter analysis showed a nearly equal distribution of vertical
shear between the top and bottom chords, which can be
attributed to the flexibility of the truss verticals flanking
the center panel. (The effect of this vertical shear distri-
bution on the resulting truss displacement was found to be
very small for the usual variation in moment of inertia.)
Therefore, the vertical shear is equally divided between the
top and bottom chords in the present example.

Because of the symmetry of the truss, certain simplifying
assumptions can be made in determining bending effects



of the truss. These assumptions eliminate the need for an
indeterminate analysis of the truss chords. First, an in-
flection point (point of zero moment) is assumed at the
midpoint of the Vierendeel panel. Second, an investigation
showed that the effect of the chords in the panels not adja-
cent to the Vierendeel panel was negligible. Therefore,
truss-chord bending effects were only considered in the
Vierendeel panel and those adjacent to it (Sheets 10, bottom,
and 11). The calculation for the bending displacement and
the axial displacement is shown on Sheets 11 and 12, re-
spectively. The total displacement is the sum of the axial
and bending displacements. The total displacement for a
typical truss (except the second story) is 0.0079 in. /kip as
shown on Sheet 12. Because a 1-kip wind shear load was
assumed, the resulting displacement is the unit-deflec-
tion-force ratio for the truss.

At the second floor, the wind shear is transferred to the
wind braces. Therefore, the axial force is not zero in the
bottom chord of the second-story truss. The bottom-chord
axial forces are deduced from the axial-force diagram on
Sheet 10 and are shown at the bottom of Sheet 12. The
bottom-chord contribution to the displacement is calculated
on Sheet 12 and is combined with the previously determined
truss displacement to find the total unit-deflection-force
ratio for the second-story truss, which is 0.001057 in. /kip,
as shown on Sheet 13.

Wind Brace—Displacement of the wind braces results
from the horizontal wind shear and the vertical-column
reactions to the wind-induced moment. The method of
virtual work was used to determine these displacements.
Calculations are shown for one wind brace on Sheets 13 and
14. The horizontal and vertical loads result in both hori-
zontal and vertical displacements of the knee brace. Because
of the symmetry of the building, the total horizontal dis-
placement of the other wind brace is identical to that of the
one shown (0.4594 in.). The total vertical displacement of
the other wind brace is equal to magnitude and opposite
in sign to that of the one shown (0.0325 in.).

TABULATION OF STRUCTURAL DRIFT

The drift of the structure resulting from the displacement
of the trusses and floor slabs (structural drift) is tabulated
on Sheets 15 (Section 1) and 16 (Section 2). First the ap-
propriate wind shears, taken from Sheet 6, are entered in
the table. Then the unit-deflection-force ratios, shown at
the top of the sheet, are used to find the drift contribution
of each element. Finally, the drift of the elements in each
story is summed to find the total story drift.

In a story where a truss occurs in the section being tab-
ulated, the drift is that of the truss, and the floor slabs do
not enter into the calculations. Where a truss does not occur
in the story, the floor slabs above and below the story enter
into the calculations along with the truss from the opposite
section. For completeness, the drift associated with the wind
braces is included in the tabulation.

COLUMN-LENGTH CHANGE

The vertical-truss reactions to the horizontal wind shears
cause the columns to lengthen on the windward face of the
building and shorten on the leeward face of the building.
This column-length change causes the trusses to rotate and
results in a component of drift (Sheet 17). Vertical-truss
reactions are calculated for each truss and summed down
the building (Sheet 18). The main reaction points for the
trusses in this example are at the top chord, and the columns
below the truss top chord contribute to its rotation and the
associated drift. The per-story drift associated with col-
umn-length changes is determined for Sections 1 and 2 on
Sheets 19 and 20, respectively, on the basis of the equations
shown on Sheet 17. The drift caused by column-length
change in each story is determined on the basis of the truss
in that story for Sections 1 and 2.

FINAL DRIFT DETERMINATION

The final drift determinations for Sections 1 and 2 are
shown on Sheets 21 and 22. The structural drift and the
drift caused by the column-length change are combined to
find the total drift per story. The total per-story drift is
summed, starting at the base of the building to find the total
drift for each story. The per-story drift ratio is also deter-
mined by dividing the total drift per story by the corre-
sponding story height. Except in the lower few stories, the
drift ratio is 0.002 or less. Comparison of the total drift for
each story in Section 1 with that in Section 2 indicates only
a small variation between the two sections; the difference
for stories 2 and 3 is about 1.6% and the difference for all
the other stories is less than 1%. Consequently, final tab-
ulation of drift for only one section would be an adequate
procedure for most structures.

CONTROL OF DRIFT

In some instances the engineer may desire to reduce the drift
ratio to 0.002, especially in the first and second stories. In
the present example, this can be accomplished with a few
changes in member sizes as will be described.

For the first story, previous calculations indicated that
the wind braces provide the dominant control of drift.
Therefore, as shown on Sheet 23, an increase in the size of
the wind brace with no change in column size reduces the
first-story drift ratio to 0.002.

To reduce the drift ratio for the second story to 0.002 or
less, Sheet 24, the bottom chord of the truss is increased to
the size of the top chord, and the verticals and diagonals are
increased to the size of the largest vertical and diagonal.

CONCLUSIONS

A method has been developed for the hand calculation of
drift in a staggered-truss building. The accuracy of the
method, which was verified through finite-element com-
puter analysis of a typical building is excellent. A design
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example was presented in detail to illustrate the application
of the calculation method. Also, details of calculating re-
sistance to the overturning moment from wind were re-
viewed.

DISCLAIMER

The material in this paper is intended for general infor-
mation only. Any use of this material in relation to any
specific application should be based on independent ex-
amination and verification of its unrestricted availability
for such use, and a determination of suitability for the ap-
plication by professionally qualified personnel. No license
under any United States Steel Corporation patents or other
proprietary interest is implied by the publication of this
paper. Those making use of or relying upon the material
assume all risks and liability arising from such use or re-
liance.
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APPENDIX A
EQUATIONS AND NOMENCLATURE

A,; = Shear displacement of floor slab = By =
BV/AG.
B = Bay width or width of slab
v = Angular shear distortion = V/AG,
V' = Wind load acting in shear on the floor slab
A = Cross-sectional area of the floor slab
G, = Shear modulus of concrete
Az = Bending displacement of floor slab = VB3/
12E.1
I = Moment of inertia
E. = Modulus of elasticity of concrete
Ayqp = Total displacement of floor slab =
AsB
Apr = Displacement of truss caused by bending

mela’
11

M; = Bending moment caused by real load in the :th
element

m; = Bending moment caused by virtual load in the
ith element.

Ay +
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I; = Moment of inertia of the :th element
E = Modulus of elasticity
Ayr = Displaccment of truss caused by axial loads
Z F,U,L;
=1 AE
F; = Real axial force acting on the 7th member
U; = Virtual axial force acting on the :th member
L; = Length of the :th member
A; = Cross-sectional area of the ;th member
A7 = Total displacement of the truss = Agy +
Ayt
A/ = Horizontal wind-brace displacement caused by
a horizontal load
_ & FuiUniL,
Z"l AE
= Axial force in the :th member caused by a real
horizontal force on the wind brace
Upi = Axial force in the ith member caused by a
horizontal virtual force on the wind brace
App/v = Horizontal wind-brace displacement caused by
vertical load
FBz UHz i
i; AzE
Fy; = Axial force in the :th member caused by a real
vertical force on the wind brace
Ay = Vertical wind-brace displacement caused by a
horizontal load
FHz UyLi
i; AIE
U,; = Axial force in the :th member caused by a
vertical virtual force on the wind brace
Apgy/y = Vertical wind-brace displacement caused by a
vertical load
sz Usz
i; AzE
Ap/crc = Displacement of a truss in a particular story
(drift per story) caused by the length change in
the total length of column segments supporting
that truss
=2(zAC) 21
Lt
2AC = Length change of supported-column segment
D = Truss depth (story height)
L = Truss length (span)

Fu;

APPENDIX B
DRIFT CALCULATIONS
See Calculation Sheets 1 through 24, following:
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