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Figure 1. Frame structure Figure 2. Yield contours
Problem 1

A frame consists of two columns, a beam and a cantilever (Fig.1). The right hand column and
the beam have a strength M,, . The left hand beam and the cantilever have a strength 2M,,.
The elements are rigidly connected. The support consist of two hinges. The structure is
loaded by an evenly distributed line load q per length of beam (self-weight). The relation of
Figure 2 exists between the plastic moments and the plastic normal forces.

M
P
Np =p—E

The influence of shear on the yield contour is neglected. Buckling and second order effects
are not considered.

Assume 3 — oo . Determine the collapse load g for all possible mechanisms. Write the
collapse loads as functions of M, and a. What is the decisive collapse load? (1.5 point)

Assume 3 — oo . Draw the bending moment diagram and normal force diagram for the
structure at the moment of collapse. (1.5 points)

Assume 3 = 16. Choose one of the following problems (You need not do both).

— Determine the largest lower-bound for g.

— Determine the smallest upper-bound for g.

You only need to write down the equations and not solve the equations (1.5 points).
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Problem 2

A reinforced concrete plate has simply supported edges and free edges (Fig. 3). It carries an
evenly distributed load p [ kN/m?]. There is no other load on the plate. The plate is
homogeneous and orthotropic.
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Figure 3. Plate dimensions and reinforcement

Consider the yield line patterns of Figure 4. Which of these patterns give kinematically possible
mechanisms? (1 point)
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Figure 4. Yield line patterns of problem 2a



b Consider the yield line pattern of Figure 3. Determine an upper bound for p expressed in m
and a (1.5 point).

¢ Determine the largest lower-bound for p using torsion free beams (m,y, =0). You only need to
write down the equations and not solve the equations. (1.5 point)

Problem 3

a Atwhat shear stress t do metals yield? Choose A, B, C or D. (0.5 points) (fy is the yield
strength.)
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b The rhombic yield contour (problem 1c) has a property that other yield contours do not have.
Which property is this? Choose A, B, C or D. (0.5 points)

A Virtual work: The internal virtual work can be calculated by M8 +Nu =M;38.

B Normality: The deformation is described by the normal vector; except for in corners.

C Convexity: The yield contour is convex.

D Accuracy: The yield contour is accurate for most steel beam symmetrical cross-sections.

¢ Which yield contour is suitable for modelling reinforced concrete plates?
How do we know this is true? (0.5 points)



= Mp-t+ Mp-(t+1) + Mpi:
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> q = 160 sqrt(2) 2
> VA4 = solve(q-sqrt(2)-8-a'12-a—VA4-8-a=0,VA4):
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> M2 := gq-sqrt(2) 4-a2-a;
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Answer to problem 1c

Upperbound

= 16.:
horizontal displacement of A (to the left is positive)

A\

a 1 a 1

> eql = tl-4a=1t3-8 — (13 —12)- —24a—— (1 —12)- :

e 4 at b ( ) sqrt(2) T ( ) sqrt(2)
> # vertical displacement of A (down is positive)

a 1 a 1

> eq2=tl"4a=t38a— (13—12) 24-a-—(tl —12)- :

cd 4 T ( ) sqrt(2) i T ( ) sqrt(2)
> E=Mp-(t1 —12) + Mp- (13 —12) :
> A:=q-sqt(2)4a-6atl+qgsqt(2)4da- (33-8-151—%-({3—{2)- sqrtl(Z) +f2'2'aJ :

v

solve({eql, eq2, E=A4}, {q, 11, 12});
{g _ 0.02633168343 Mp

2
a

, 11=1.978263803 73, 12=10.01092780710 33}

Lowerbound




> b= 16:
> Np = i-Mﬂt):

a
> F = g sqrt(2.)4a:
> eql :=F6a+ (1 —al)Npdasqt(2)-al Mp=0:
> eq2=al Mp+a2Mp—F2a— (1—a2) Np4dasqt(2)=0:
> eq3 = V]—ﬁ— (1—a2)-Np=0:
> eq4 = (1 —ai)-Np—L— V2=0:

sqrt(2)

> eq5 = a2-Mp+ V2-8-asqt(2)=0:
solve({eql, eq2, eq3, eq4, eq5}, {q. al, a2, V1, V2});

yp = 04027256365 Mp ) 0'08674533530“@ . al =0.9988386688, a2 =0.9814125686, ¢

v

_ 0.02633168344 Mp
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Answer to problem 2a

D 3 orless correct ....... 0 point
4 correct .....coeeeeennnn. 0.3 point
5correct ................. 0.7 point
6 correct ................. 1.0 point

Answer to problem 2b
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Answer to problem 2¢
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The solution to the equations is p=———=0.045—-.
200 52 a2
Answer to problem 3
D
A
The following answers are correct
- Rankine
- Johansen
- square

- —my <My, my <my,
2
] (Mpx = My J(Mpy — My ) = Mgy

! ! 2
(mpx + mXX)(mpy + myy) > My
By comparing to experiments. Although, the latter of the four answers has been derived from
equilibrium.
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