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INTRODUCTION

1. Statement of the problem

Damage to a structure is usually attributed to the failure
of structural members or of the foundation. In general, the
design of a structure is separated into two parts. The structural
engineer designs the superstructure only and puts the focus on the
fiber stresses in the members subjected to external loads. The
soil engineer uses the loads transfered from the superstructure
and considers only the soil condition to design the foundation.
If a building settles uniformly the stresses in the members of
the structure are not increased. However, uniform settlement is
usually not the case. Differential settlement must be considered
inevitable for most structures unless the foundation is supported
by solid rock. Thus differential settlement may govern both the
design of the foundation and of the superstructure. If the
design of the structure is conservative enough to prevent cracks
or large distortions it is considered a good design. When
distortions become evident the foundation is immediately suspected
even though a change in structural design to prevent large carry-
over of loading might have avoided the distress. Both foundation
design and structural design should thus take into account the
consequences of differential settlement in main load-carrying
members. Recognition of this fact can result in considerable
savings in construction cost, without reduction in the factor

of safety, since a more properky balanced design is produced.

2. Purpose of the study




Conventional structural design of a framed structure involves
computation of stresses in the members for the various loading
conditions without differential settlement. The stress change
in each member of a frame due to yielding supports can be treated
by the same techniques. If the differential settlement can be
predicted with reasonable accuracy, and if the design of both
superstructure and foundation take into account the reactions and
moments caused by the settlement, such a procedure may make the
structure design more economical and safe.

In this report reinforced concrete frames with multiple
stories and bays are analyzed for the purpose of examining the

effect of differential settlement on the frames.

8. Scope of the study

Parts of the structure of Haymaker Hall at Kansas State
University were taken as examples in order to examine the effect
of differential settlement on various superstructures.

The analyses were carried out by using STRUDL II (1)*, a
computer program designed by Massachusetts Institute of
Technology, for structural analysis. The program was run on the
IBM 360/50 computer at the Kandas State University Computing
Center.

The computed results were presented and compared to each
other in order to examine the effect of differential settlement
on the frames.

* Numerals in parentheses refer to corresponding items in

2 References.




REVIEW OF LITERATURE

The most important factor which governs the design of a
foundation is the determination of the greatest pressure that
can be applied to the soil beneath the footing without causing
either failure of the loaded area or excessive settlement (2).
Methods of computation of settlement are widely discussed. In
both Timoshenko's theory of elasticity (3) and Terzaghi's theory
of consallidation (4), the settlement is computed under the
assumption of the footings not being mutually connected and
therefore infinitely capable of adapting themselves to the
deformation of the soil. This assumption is misleading,
especially in the case of high building structures (5). The
rigidity of a superstructure results in lower differential
settlement and modifies the patterns of settlement. A rigid
structure resists deformation due to soil movement and transfers
loads and pressures from points of maximum effect to points of
minimum effect, thus reducing differential settlement (5, 6, 7,
8, 9, 10, 11).

Differential settlement has a great effect on the stresses
in the members of a structure. After analyzing a five-story,
three-bay reinforced concrete frame, Mayerhof (12) pointed out
that a differential settlement.A = 0.315 inch in a span of L=
25 feet caused an increase of 74 per cent in the bending moment
in the beam which was subjected to the largest moment prior to
settlement.

Reickert (13), who investigated the effect of differential




settlement on the main building of Charity Hospital at Yale
University, concluded that cracking is likely to occur in all
cases where differential settlement is observed. As the
settlement becomes large, flexural strain can be expected in the
beams and columns of steel-framed buildings. The magnitudes of
these strains are based on the rigidity of the beam-to-column
connections, the relative stiffness of beams and columns, the
length-depth ratios of the members, and the slopes of the members
caused by differential settlement.

The amount of allowable settlement is dependent on the
properties of the supporting soil and the rigidity of the structure.
The determination of what amount of allowable settlement can be
tolerated by a structure has been studied by an evaluation of
conditions under which measured settlements have caused distress.
Polishin and Tokar (l4) analyzed the settlement of structures
based upon the data from field observations at 100 sites and
summarized the results. This summation was later adapted as the
standard code in the U.S.S.R. in 1955 (l4). This Standard Code

is given in Table 1.




Table 1., Maximum differential settlement criteria by the

1955 U.S.S.R. Building Code#

Sand and Plastic
Description hard clay clay
Difference in settlement of civil- and
industrial-building column foundations:
a, For steel and reinforced concrete
structures 0.002L* 0.002L
b. For end rows of columns with brick
cladding 0.007L 0.001L
c. For structures where auxiliary
strains do not arise during non-
uniform settlement of foundations 0.005L 0.005L
Relative deflection of plain brick walls
a., For multi-story dwellings and civil
buildings
at L/H<3 0.0003L** 0.0004L,
at L/H=5 0.0005L 0,0007L
b. For one-story mills 0.0010L 0.0010L

# After Polshin and Tokar (1l44)
* 1= distance between cclumn centers
** 1= length of deflected part of walls
H= height of wall from foundation footings




EXAMINATION OF THE EFFECT OF
DIFFERENTIAL SETTLEMENT ON FRAMES

Parts of an actual nine-story reinforced concrete building,

Haymaker Hall at Kansas State University, were used as an example

to examine the effect of differential settlement on frames.

There is no significance in the study of this building, except

for the convenience of using the actual member sizes and the

frame;"dimensions. The following frames were chosen for the

desired analyses:

1. One- to five-story, one-bay plane
atgsupport 2 (see Fig. 24%*),

2. One- to five-story, twe-bay plane
at
a. support 2 (Fig. 25).
b. support 3 (Fig. 25).

3. One- to five-story, one-bay space
at support 3 (Fig. 26).

L, One- to five-story, two-bay space
at
a. support 4 (Fig. 27).
b. support 5 (Fig. 27).

frames with

frames with

frames with

frames with

The member properties are shown in Table 2%%*,

settlement

settlement

settlement

settlement

* Bupport and joint designations are shown in Figs. 24, 25, 26

and 27 in the Appendix.

*% Table 2 will be found in the Appendix.




The analyses are based on the following assumptions:

1. The frame is rigidly fixed to the foundation.

2. The joints are rigid.

3. Deformation of one inch was assumed for the purpose of

analysis.

All frames were analyzed by the computer program STRUDL II,
developed by Massachusetts Institute of Technology in 1968, with
the help of an IBM 360/50 computer at the Kansas State University
Computing Center. 1In using STRUDL II only suitable data cards,
which are designed according to the instructions of the
"Simplified User's Manual' (1) to describe the problem, are needed
for the analysis.

The results, showing the joint moments caused by differential
settlement, are presented in Table 3 through Table 8 in the
Appendix. The sign convention considers that the moment on the
joint is positive when counterclockwise and is negative when
clockwise. The units of moment are kip-inches. 1In the three-
dimensional frames, a global coordinate system is used and the
moments My, My and M, correspond to the x, y and z axes,
respectively. The x axis is horizontal, y axis the vertical and
the z axis normal to the page (see Figs. 26 and 27). The moment
vectors are positive when directed in positive coordinate

directions.

(A) Plane Frames
Moments induced in the members of one- to five-story, one-

bay plane frames are shown in Table 3.




The moment diagram for the five-story, one-bay plane frame
with one inch settlement at the right support is shown in Fig. 1.
These results indicate that the moments induced both in upper
story columns and cross-beams damp out quickly in one-bay plane
frames with an increasing number of stories. The moments
induced in the members in the top story of five-story plane frame
are approximately zero.

The variation of moments in the top of the first column and
first cross-beam of the same joint for varicus-storied, one-bay
plane frames are shown in Fig. 2, The moment induced in member
1 at joint 3 increased significantly in going from a one-story
to a two-story frames, while the moment induced in member 2 at
joint 3 decreased significantly. The moments both in columns
and cross-beam changed only slightly when the number of stories
in the frame was greater than two.

Two cases of settlement were considered for the two-bay
plane frames. The first case involved a one inch settlement at
the middle support and the second case involved a one inch
settlement at an external support. The moments induced in the
members for different number of stories are listed in Table L
and Table 5. These computed data indicate that the moments
induced in members of two-bay plane frames, especially when
subjected to symmetrical settlement, are more significantly
affected by the differential settlement than those induced in
members of one-bay plane frames affected by differential
settlement.

In Fig. 3 and Fig. L, the moment diagrams are given for
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two five-story, two-bay plane frames subjected to a one inch
settlement at support 2 and support 3, respectively. Regardless
of the lack of symmetry of settlement, the moments induced in the
upper symmetrical cross-beams and columns become equal. This
phenomenon may be thought of as being analogous to St. Venant's
principle, which says that at a point in a solid which is
sufficiently far from the point of application of the leads, the
induced stresses are independent of the particular manmer in which
the loads are applied.

Comparing the moment diagrams of the two-five-story, two-bay
plane frames the moments induced in the members of the frame with
one inch settlement at the middle support, shown in Fig. 3, are,
for the most part, larger than those in the corresponding
members of the same frame with settlement at the right support
as shown in Fig. 4. Thus it can be said that a multi-bay plane
frame which is subjected to settlement at an inner support will
suffer more distress than that caused by an equal amount of
settlement at an external support.

According to the principle of superposition, the moments
induced in the members of a five-story, two-bay plane frame
subjected to a one inch settlement at the right external support,
as shown in Fig. 5c, can be obtained by adding the moments
induced in the members of the same frame subjected to half inch
symmetrical settlement at the external supports, as shown in
Fig. 5a, and the moments induced in the members of the same frame
subjected to distributed settlement with a maximum differential

settlement of one inch, as shown in Fig. 5b. Using this method,
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the moments induced in the members of a five-story, two-bay plane
frame subjected to distributed settlement with one inch maximum
differential settlement can be computed from Fig. 3 and Fig. 4.
This result is shown in Fig. 6. Comparing this moment diagram to
those shown in Figs. 3 and 4, it is found that moments induced
in the members of the frame subjected to distributed settlement
are smaller than those in the other cases, provided that the
maximum differential settlements are the same.
The variations of moment induced in different members of
these frames are shown as follows:
1. In the one- to five-story, two-bay plane frames with one
inch settlement at the middle support, moments induced in
member 1 at joint 4, in member 4 at joint 5 and in

member 5 at joint 6 are shown in Fig. 7.

[T ] 1 e
—_—— —
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Sa 5b1T*— o 50—1_— ol

Fig. 5. Principle of superposition
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2. In the one- to five-story, two-bay plane frames with one
inch settlement at the right external support, moments
induced in member 2 at joint 5 and in member 3 at joint
6 are shown in Fig. 8, and in member 4 at joint 4 and in
member 5 at joint 5 in Fig. 9.

Upon investigating these figures, it is seen that moments
induced in a given column decreased significantly in going from
one-story to two-story, then change  slightly with an increasing
number of stories. The moment induced in cross-beams increased
significantly in going from one-story to two-story, then

decreased with an increasing number of stories.

(B) Space Frames

Three cases of space frames were considered:

1. One- to five-story, one-bay space frames were subjected
to one inch settlement at the right rear support. The
induced moments in the members are shown in Table 6-1 to
Table 6-5.

2, One- to five-story, two-bay space frames were subjected
to one inch settlement at the:

a, external rear support, for which mements induced in
the members are shown in Table 7-1 to Table-7-5.

b. middle rear support, for which moments induced in
the members are shown in Table 8-1 to Table 8-5.

The variation of moments in the corresponding members at the

same joint of the frames with with a number of different stories

is shown as follows:
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1. In the one- to five-story, @ne-bay space frames with
settlement at support 3, moments induced in member 1 at
joint 5 are shown in Fig. 10, in member 2 at joint 7 in
Fig. 11, in member 5 at joint 5 in Fig. 12, and in
member 6 at joint 7 in Fig. 13.

2, In the one- to five-story, two-bay space frames with
settlement at :

a. support 4, moments induced in member 1 at joint 7 are
shown in Fig. 14, in member 2 at joint 8 in Fig. 15,
in member 8 at joint 9 in Fig. 16, in member 9 at
joint 9 in Fig. 17, and in member 13 at joint 13 in
Fig. 18.

b. support 5, moments induced in member 1 at Jjoint 7 are
shown in Fig. 19, in member 2 at joint 8 in Fig. 20,
in member 7 at joint 7 in Fig. 21, in member 9 at
joint 10 in Fig. 22, and in member 13 at joint 8 in
Fig. 23.

All of these diagrams of variation of moments inctude My,
My and M, in the members corresponding to x, y and z axes,
respectively, in the global coordinate system. The asterik on
the moment designations denotes the torsional moments.

On investigating the computed data both in one-bay and
two-bay space frames, it can be seen that the moments induced in
the members are significantly affected by the action of
differential settlement..

A comparison of the data for the different frames is




difficult. Only the following comparisons seem evident:

The torsional moments induced in the members were much
smaller than the primary bending moments in the same members.

In one-bay space frames, the torsional moments induced in
the cross-beams of the lower story are decreased with an
increasing number of stories, while those induced in the columns
are increased with an increasing number of stories.

0f all the space frames tested the torsional moments induced
were highest in the top story cross-beams in the two-story frame.

In the five-story, one-bay space framep the bending moments
induced in the members in the upper story are larger than those
in the lower story.

The effect of differential settlement on bending moments in
the members in the two-bay space frames, which settled at the -
middle support, is generally greater than those which settled at

an external support.

21




No. of stories

of stories

No

of stories

No-

1] J |

0 =50 -100
moment (kip-in)

de M
X

(F%
L
e e e B T G

| |

-150

|
o
o

5 10
moment (kip-in)
b. M;

| | |

15

0 100 200
moment (kip-in)

s MZ

300

24

Fig. 10. Variation of moments in member 1 at joint 5 for
different stories in one-bay space frames with

one inch settlement at right rear support




No. of stories No. of stories

No. of stories

23

5L
4l
3L
2 —
1 , g 1 |
1400 1500 1600 1700
moment (kip-in)
a. Mx
5L
T
3L
I
2| |
* I 1 |
-2 0 5 10 15
momgnt (kip-in)
b. My
SL
L} -
3
s F
| 1 l 1 | i J
1 2900 -1000 ~1100 ~1200 ~1300
momént (kip-in)
Ca Mz

Fig. ll1. Variation of moments in member 3 at joint 7 for
/idifferent stories in one-bay space frame with
one inch settlement at right rear support




No. ofustories

No. of stories

of stories

No.

24

1 | I I

-60 -100 -150 -200 -250
moment (kip-in)
a. M}

d L L

A1 |
1 2760 =120 -80 -40 0 20
moment (kip-in)

b. M
Yy

] | | | ] )| ] 1
-200 -400 -600 -800 -1000
moment (kip-in)
c. M,
Fig. 12, Variation of moments in member 5 at joint 5
for different stories in one-bay space frames
with one inch settlement at right rear support




No.of stories

No. of stories

No. of stories

25

|

]
-1600 -1800

]
-2000 -2200
moment (kip-in)

a. M,

-
| -\\\\\\\4$
L | L - | | | I M
-40 0 Lo/ 80 120 140
moment (kip-in)
b. M
y

1 | | [
-30 -100 -150 =200
moment (kip-in)
c. M%
Fig. 13. Variation of moments in member 6 at joint 7 for

different stories in one-bay space frames with
one inch settlement at right rear support




No. of stories

No. of stories

No. of stories

26

=10 =10 -20 =30 -40 -50
mpment (kip-in)
a. Mx

5| |

l

l
s |
3L
2y
1 1 | L | | | 1 |

-20 -10 0 10 20 30
moment (kip-in)
b. M;
5-
u.—
3—
2 -
L ] " I | | |
10 100 200
moment (kip-in)
i Mz

Fig. 14, Variation of moments in member 1 at joint 7 for

different stories in two-bay space frames with one
inch settlement at right rear external support




