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Abstract. Reinforced concrete deep beams have useful applications in tal buildings and foundations.
Over the past two decades, numerous design models for deep beams were suggested. However even the
latest design manuals still offer little insight into the design of deep beams in particular when
complexities exist in the beams like web openings. A method commonly suggested for the design of deep
beams with openings is the strut-and-tie model which is primarily used to represent the actual load
transfer mechanism in a structurad concrete member under ultimate load. In the present study, the
development of the strut-and-tie model is transformed to the topology optimization problem of continuum
structures. During the optimization process, both the stress and displacement constraints are satisfied and
the performance of progressive topologies is evaluated. The influences on the strut-and-tie model in
relation to different size, location and number of openings, as well as different loading and support
conditions in deep beams are examined in some detail. In al, eleven deep beams with web openings are
optimized and compared in nine groups. The optima strut-and-tie models achieved are aso compared
with published experimental crack patterns. Numerical results have shown to confirm the experimental
observations and to efficiently represent the load transfer mechanism in concrete deep beams with
openings under ultimate load.

Key words: concrete deep beams, strut-and-tie model; web openings, support conditions; topology
optimization; stress and displacement constraints.

1. Introduction

A reinforced concrete deep beam is a type of non-flexura member, which is generaly defined as
a member that has a span to depth ratio of less than 5. Deep beams have useful applications in tall
buildings and foundations. More specifically deep beams are used in the following applications
including transfer girders, pile caps, foundation walls and offshore structures. Over the past two
decades, as the need for deep beams continued to grow throughout the construction industry,
numerous design models for deep beams were suggested. However even the latest design manuals,
such as the ACI code (2002), Eurocode (1992), the British (1997) and Australian Standards (2002)
gtill offer little insight into the design of deep beams in particular when complexities exist in the
beams like web openings.
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In various forms of construction, openings in the web area of deep beams are frequently
provided for accessibility and to allow essentia services to pass through the beam. The presence of
openings induces geometric discontinuity into the deep beams, which only enhances the
complexity of the nonlinear stress distribution over the depth of the beams. Numerous
investigations have been conducted into various attributes of deep beams (Rogowsky et al. 1986,
Kong 1990, Tan et al. 1995, 1997a, b & c, Ashour 1997, Foster and Gilbert 1998, Tan et al.
20034). However only limited research has been conducted dealing with deep beams with web
openings (Mansur and Alwis 1984, Almeida and Pinto 1999, Maxwell and Breen 2000, Ashour
and Rishi 2000, Tan et al. 2003b).

A method commonly suggested for the design of deep beams with openings is the strut-and-tie
modd which is primarily used to represent the actual load transfer mechanism in a structura
concrete member under ultimate load. However many of the ways used in deriving the strut-and-tie
model can be laborious and complex, because the compression strut from the loaded area generally
separates and tracks around the opening before joining together again a the supports. This is
especialy true when predicting the correct strut-and-tie model for members with complex |oading,
support and geometric conditions (various location and size of openings) (Parsons and Guan 2003).
Hence it would be advantageous if a simple and effective method of generating the strut-and-tie
model can be derived.

In the engineering research field, fast, accurate and reliable methods of design are increasingly
sort after. As new technology and ideas are generated, better design methods maybe established. In
recent years structural optimization has become an area emerging that has the possbility of
modifying classical design. In this study, the development of the strut-and-tie model is transformed
to the topology optimization problem of continuum structures. The optima strut-and-tie modd is
generated by gradually removing inefficient materia from an over-designed area. During the
optimization process, both the stress and displacement congtraints are satisfied and the performance
of progressive topologies is evaluated.

In the present study, the influences on the strut-and-tie model in relation to (a) different size,
location and number of openings, (b) different loading conditions, and (c) different support
conditions are examined, through a detailed investigation on eleven deep beams with web openings.
All the eleven beams are optimized and compared in nine groups. The optimal strut-and-tie models
achieved are also compared with published experimental crack patterns.

2. Topology optimization of continuum structures
2.1 General

In the present study, the development of the strut-and-tie model of deep beams with openings is
transformed to a topology optimization problem of continuum structures. In the design of a
reinforced concrete member, the unknown location and the amount of reinforcement are to be
determined. The designer needs to establish the strut-and-tie layout in a structural concrete member
in order to reinforce it. As a result, the nonlinear behaviour of reinforced concrete is not considered
in this study. A plain concrete member with assumed homogeneous continuum behaviour is thus
analyzed. A linear elastic behaviour of cracked concrete is aso assumed, and the progressive
cracking of concrete is characterised by gradually eliminating concrete from the structural member,
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eventualy leading to a fully cracked stage at the optimum (Liang et al. 2000).

The objective of this topology optimization is to maximise the performance of an initia
continuum design domain in terms of material efficiency and overall stiffness. This is achieved by
gradualy eliminating, from a discretised concrete member, a small number of elements with lowest
von Mises stress and lowest displacement sensitivity number.

2.2 Optimization with stress and displacement constraints

To commence an optimization process of a deep beam, a finite element analysis is performed firg,
based on which the von Mises stress of each dement oy, and the maximum von Mises stress of
the structure o,y . are evauated. A deletion criterion can be obtained using the rejection ratio
RR in conjunction with g,y na- This deletion criterion is the stress at which al elements with a
lower stress are deemed insignificant. As such, an element is identified as lowly stressed if its oy,
is less than the deletion criterion (Xie and Steven 1997) or

O-sM < RRi x avM,max (1)

A small value of RR, (0.1%) is used in the present study to ensure that only a small number of
lowly stressed elements N; are identified each time, where i indicates the iteration number.

In addition to the stress constraint, the displacement of a structure has to be controlled. This is to
ensure that whilst the lowly stressed (redundant) materia is removed from the structure, the
remaining part of the structure is till tiff enough and its maximum deflection will not exceed the
prescribed limit. When the specified displacement limit is reached, the optimization procedure will
be terminated. The displacement control is performed by evauating a displacement sensitivity
number based on the formulas proposed by Xie and Steven (1997).

In a finite element analysis, the static behaviour of a structure can be expressed by the stiffness
equation as

K=P @)

where K is the global stiffness matrix of a structure and, u and P are, respectively, the global noda
displacement and nodal load vectors. Assuming that the element i (i = 1, N) is to be removed from
a structure where N is the total number of elements in the design domain. This would lead to a
change in the stiffness matrix, AK;, as well as a change in the displacement vector Au. However, it
is assumed that the element remova has little effect on the load vector. By manipulating the
modified stiffness equation, the change in the specified jth displacement component u; due to the
removal of the ith element can be represented by the displacement sensitivity number ag ;. Or,

Qg = |0’d,ij| = ‘UI [K; [Ui‘ )

where agyj; can be postive or negative. Note in the design process that the jth displacement
component u; is to be limited to a prescribed value, u; (i.e, |yl < uf). Also in Eq. (3), u; and u;
are respectively the displacement vectors of the ith dement due to the real load P and due to the
virtual unit load Fj; K; is the stiffness matrix of the ith element and is equal but opposite to AK;. In
more general cases when a structure is subjected to multiple load cases P, (k = 1, L) with multiple
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prescribed displacement values u;k (j =1, M), the sendgitivity number can then be derived as

ag; = LMA-E;a--|:LMA-EjuTD<-DJ-\ (i=1N) )
d,i klezl jk d,ijk kzlj; jk ij i ik ’

in which uj is the displacement vector of the ith element due to load case P; L and M are
respectively the total number of load cases and that of displacement constraints. In Eq. (4),
A = |upl/ uJ-*k is the weighting parameter indicating the contribution of the jth displacement
constraint under the kth load case.

In the optimization process, the sengtivity number ay; is evaluated for a total number of N
elements that satisfy the stress condition as given in Eqg. (1) (Guan et al. 2001). To minimize the
change in displacement, a number of elements Ny with the lowest ay ; are removed. In the present
study, Ng = 10 has been found to produce satisfactory results.

The finite element analysis followed by systematic removal of lowly stressed elements forms an
optimization cycle where RR remains constant. Such cycle or iteration is continued until no more
elements are removed. To proceed to the next iteration, RR; is increased by adding an evolution ratio
ER, which is also taken as 0.1%. The repeated cycle of optimization process continues until a
desired topology is obtained.

2.3 Determination of optimal strut-and-tie model

As the optimization cycle progresses, the resulting topology improves with increase in iteration.
To identify the final topology which can be trandated to the optimal strut-and-tie model, a
performance index Ply, which is used as the objective function, can be derived based on the scaling
design concept (Liang et al. 2000) where the actual design variable such as the element thickness is
scaled with respect to the design constraint. The topology optimization of a continuum structure can
be posed in the following form:

N
minimize V = V, 5
2

subjectto Juy/<u (j=L M k=1,1) (6)

where V and V, are respectively the volume of the total design domain and that of the element e.
Note in the present study that minimizing the volume is equivalent to minimizing the weight,
because a single type of material, i.e., plain concrete, is assumed for the entire design domain. For
linear elastic plane stress problems, the structural stiffness matrix is a linear function of the design
variable such as the thickness or the volume of the structure. To produce the most efficient topology
with minimum weight, the volume of the design domain can be scaled with respect to the
displacement constraint, with the aim of the jth displacement component under the kth load case
(uy) reaching the prescribed displacement value u;k. As a result, the relative volume of the initial
(original) design domain, V,, can be expressed as

Vo =V, E(|ujk‘o/ U;k) (7)
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in which \, and |u|, are respectively the volume of, and the |u, , in the original design domain.
In an iterative optimization process, the relative volume of the current design (at the ith iteration),
V', can also be scaled as

Vi =V, E(|ujk|i/u;k) (8)

where V; and |u;,; are respectively the volume of, and the |u,/, in the current design domain (at
the ith iteration).
The performance index Plq at the ith iteration can then be determined as

V_ol — |ujk|o |1/0

Pl,= —% =
¢ Vi |uik|iD/i

©)

During the optimization process, Ply measures the efficiencies of the progressive topologies. As
the optimization procedure continues, the number of iterations increases while Ply is maximized,
until a certain point where the efficiency or performance of the topology declines. The maximum
vaue of Ply corresponds to the most efficient topology, which would lead to the optimal strut-and-
tie model.

2.4 Optimization procedure

The proposed optimization procedure considering both stress and displacement constraints is
presented in Fig. 1.

3. Deep beam models

In the present study, five factors viz the number, size and location of openings, as well as the
loading and support conditions in deep beams are examined. This is done through the
optimization of eleven beam models, designated as DB1 to DB11. An illustrative diagram of a
deep beam is given in Fig. 2 where the size and location of the web openings are indicated
symbolically. Details and configurations of the beam models are presented in Table 1 and Fig. 3,
respectively.

All the deep beam models are optimized under both stress and displacement constraints. For the
symmetrical beams under symmetrical loading, only haf of the mode is anayzed. The
displacement limit is imposed under the point load. The numerical results compared in nine groups
are presented in the following three sections. Included in the comparison are the configurations of
the beams, the initial, intermediate and final topologies, the optimal strut-and-tie models, as well as
available experimental crack patterns. Note that the fina topology is determined when the
performance index Ply reaches the maximum value. Note aso that in the strut-and-tie models, the
solid lines represent the tension ties while the dash lines denote the compression struts. As a
typica example, the Ply curve and the volume reduction curve are also presented for beams in
Group 8.
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Fig. 2 Illustrative diagram of a deep beam
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Table 1 Details of deep beam models

Beam
designation DBl DB2 DB3 DB4 DB5 DB6 DB7 DB8 DB9 DB10 DBil1
Overall 1950 1950 1325 1325 1060 1425 1300 3000 3000 3000 3000
dimension X X X X X X X X X X X
(mm x mm) 1000 1000 750 750 450 750 750 625 625 625 625
Number of
opening(s) 1 2 1 2 1 2 2 2 2 2 2
a (mm) 200 200 225 225 200 225 225 125 125 250 250
b (mm) 200 200 150 150 150 150 150 125 125 250 250
X1 (Mmm) 450 150 50 50 0 50 50 875 200 800 125
y1 (mm) 400 400 500 500 200 300 500 250 250 200 200
Number of
point load(s) 1 1 2 2 1 2 1 2 2 2 2
Magnitude
of load(s) (kN) 825 618 975 975 210 720 975 588 902 419 864
Support
conditions S S S S S S S C C C C
Young's
Modulus 3145 3145 3.097 3.097 4210 2860 3097 2308 2.603 2583 2760
(x10*MPa)
r';‘;;f’” S 02 02 015 015 02 015 015 02 02 02 02
Thickness of
(mm) 100 100 100 100 100 100 100 100 100 100 100
Kong Almeida Foster Ashour Ashour Ashour Ashour
Source D'Arcy D'Arcy and and and B ad ad ad ad
2002 2002 Sharp Pinto  Gilbert Rishi Rishi Rishi Rishi
1977 1999 1996 2000 2000 2000 2000

Note: S - simple support; C - continuous support

4. Varying size, location and number of openings

The effect of varying size, location and number of openings on the strut-and-tie model of deep
beams is studied through the comparison between four beams, DB1 to DB4, in three groups.

4.1 Group 1. DB1 vs DB2 - square opening(s) at mid-depth of the beams

Group 1 compares DB1 and DB2 of identical dimension and both under single point load and
having sguare opening(s) at mid-depth of the beam. DB1 has a single opening at mid-span whereas
DB2 has two openings falling in the compression load transfer paths. The comparisons are shown in
Fig. 4. As can be seen in DB1, when the opening is located away from the load path, the
compression transfer takes the shortest path between the load and support points, as indicated in
Fig. 4(el). When the opening fdls in the compression transfer path, on the other hand, the strut-
and-tie model revolutionizes, as indicated in DB2, where the path are re-routed around the opening,
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Fig. 3 Configurations of deep beam models

thus introducing tension ties around the opening (see Fig. 4(e2)). As logic would tend to suggest
that the compression struts pass the opening on the left- and right-hand sides, while the tension ties
connect the compression zones above and below the openings (Parsons and Guan 2003).

4.2 Group 2: DB3 vs DB4 - rectangular opening(s) close to the bottom of the beams

Also of the same dimensions and under two point loads, both DB3 and DB4 have rectangle web
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Fig. 4 Comparisons of strut-and-tie models between DB1 and DB2

opening(s) close to the bottom of the beams, as shown in Figs. 5(al) and 5(a2). In both beams, the

opening falls in the compression transfer path. If only one opening is present as in DB3, the strut-
and-tie model on the side without an opening becomes relatively simple, as the compression transfer
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Fig. 5 Comparisons of strut-and-tie models between DB3 and DB4
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path runs directly from the loaded area to the support (see Fig. 5(el)). If two openings are present
the strut-and-tie model becomes more complicated on both sides. However as expected, DB4 is
symmetrical, hence the strut-and-tie model is consistent on both sides (see Fig. 5(€2)). This factor
alows the designer to model only half the beam, saving on computational time.

4.3 Group 3: DB1 vs DB3 and DB2 vs DB4 - location of opening(s)

Comparing DB1 and DB3 (Figs. 4(el) and 5(el)) as well as DB2 and DB4 (see Figs. 4(e2) and
5(e2)), the differences in the strut-and-tie model are demonstrated when the position of the openings
is moved from the mid-depth to the bottom of the beam. When the opening(s) is lower in the beam
there tends to be an addition of two horizontal tension ties that unite both left and right compression
transfer, above and below the openings. Thisis evident in DB3 and DBA4.

4.4 Optimal strut-and-tie model vs experimental crack pattern

It should be noted in Figs. 4(f1), 4(f2) and 5(f2) that there are similarities between the
experimental observations and the computer generated results. It is generaly accepted that the first
cracks in deep beams appear at the top and bottom of the openings provided that the opening is in
the compression transfer zone. As the load increases these cracks propagate from the top of the
opening(s) towards the loaded area(s) and from the bottom of the opening(s) towards the closest
support. In addition to this diagonal or shear cracking, flexural cracking can occur at the bottom of
the beams. However in relation to the distance that these flexural cracks extend, and the crack width
a failure, they are generaly considered to be minor issues, and more predominate cracks that occur
are shear related. Therefore it is safe to assume that the top and bottom of the opening are under
high-tension stresses because that is where the first major cracks appear. It should also be noted that
the bottom of the beam also experiences reasonably high-tension forces. Therefore it is logica to
place stedl reinforcement in these sections to counteract the low-tension capacity of concrete. As the
strut-and-tie model is used to determine reinforcement layout it would be expected that tension ties
would form in these places. As can be seen in DB1, DB2 and DB4, this is generally what happens.
Thus it can be concluded that the computer generated strut-and-tie model does accurately predict
where the steel reinforcement is to be placed.

In addition to these counter tension reinforcements other reinforcement may be required.
Sometimes in deep beams reinforcement is provided around the opening to counteract cracking at
regions of stress concentrations which would occur at the corners of the openings.

5. Varying loading conditions

The effect one or two point loads has on the strut-and-tie model of deep beams with web
openings is investigated. In al, six deep beams DB5, 3, 2, 6, 7 and 4 are compared in three groups,
viz Groups 4, 5 and 6. Each group has two beams, one is subjected to a mid-span concentrated load
and the other under two point loads. The optimization of DB5, 6 and 7 are presented in Figs. 6, 7
and 8 respectively for the three groups. For DB3, 2 and 4 which has been analyzed in Section 4,
only their configurations and the corresponding optimal strut-and-tie models are included for
comparison.
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5.1 Group 4: DB5 vs DB3 - single opening near bottom left corner of the beams

; P

[]

A % |:|
o 5
(al) Configuration of DB5 (d1) Final topology (iteration 133) (a2) Configuration of DB3

PEIIUN - \

(b1) Initial topology (el) Optimal strut-and-tie model  (e2) Optimal strut-and-tie
model (DB3)

(c1) Topology at iteration 75  (f1) Experimental crack pattern
(Almeida and Pinto 1999)

Fig. 6 Comparisons of strut-and-tie models between DB5 and DB3

5.2 Group 5: DB2 vs DB6 - two openings at mid-depth of the beams
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Fig. 7 Comparisons of strut-and-tie models between DB2 and DB6
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5.3 Group 6: DB7 vs DB4 - two openings at the bottom of the beams
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Fig. 8 Comparisons of strut-and-tie models between DB7 and DB4

Similar to the observations discussed in Section 4, if the opening is located away from the load
path, the compression transfer takes the shortest route, as apparent in DB5 and DB3. When the
opening fals in the compression transfer path, as in al the six beams DB5, 3, 2, 6, 7 and 4, the
compression strut is re-routed around the opening, thus introducing tension ties connecting the
compression zones above and below the openings. When the experimental crack patterns are
available, the reaulting optima strut-and-tie models also agree well with the experimenta
observations, as compared between Figs. 6(el) and 6(f1) as well as Figs. 7(e2) and 7(f2).

It is important to note about the loading condition is that when a single concentrated load is
present, a triangle-based strut-and-tie model forms, as evident in DB5, DB2 and DB7 (see Figs. 6
(el), 7(el) and 8(el)). In this case the left-hand side of the triangle is the left re-routed compression
transfer, while the right-hand side is the right compression transfer, with the lower tension tie
forming the bottom of the triangle. On the other hand, if two point loads are present a trapezoid-
based strut-and-tie model forms, as obvious in DB3, DB6 and DB4 (see Figs. 6(e2), 7(e2) and
8(e2)). The left and right re-routed compression transfers and the bottom of the trapezoid are
formed in the same manner as the triangle-based strut-and-tie model, however it is necessary to have
an additional horizontal strut between the loaded points to form the top side of the trapezoid.

6. Varying support conditions

The influence on the strut-and-tie model in relation to different support conditions of deep beams
is also examined. In al, five deep beams (i.e., DB6, 8, 9, 10 and 11) are optimized and compared in
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three groups viz Groups 7, 8 and 9. All the beams are subjected to two concentrated loads. Group 7
compares the difference between a simply supported beam and a continuous beam, both with two
web openings. Group 8 deals with two continuous deep beams both with two web openings that are
of the same size but different locations. Group 9 is similar to Group 8 in that the locations of
openings differ however the size of openings are identical in both beams. The effect different sizes
of openings have on the strut-and-tie model is dso examined through the comparison between
Groups 8 and 9.
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Fig. 9 Comparisons of strut-and-tie models between DB6 and DB8
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6.1 Group 7: DB6 vs DBS8 - simply supported and continuous beams

A comparison between DB6, a simply supported beam and DB8, a continuous beam is presented
in Fig. 9. Note that the optimization outcome of DB6 is reproduced herein for better comparison.
Generaly in both cases the struts and ties around the openings are similar. This can be seen in
both Figs. 9(el) and 9(e2). The most notable difference however between the two strut-and-tie
models, is seen around the internal support of the continuous beam DB8. Over the continuous
support an additional horizontal tension tie forms between the compression struts at this particular
point. Also, generally two compressive struts form directly over the continuous support and rise
verticaly up to the newly formed tension tie. This makes the design of a continuous deep beam
more complicated than a simply supported counterpart. The experimental crack patterns are also
included for comparison (see Figs. 9(f1) and 9(f2)), which confirms the accuracy of the strut-and-
tie models.

6.2 Group 8: DB8 vs DB9 - continuous beams with varying locations of small openings

In comparing DB8 and DB9 where the locations of web openings differ (see Fig. 10), it can be
noted that there is a major difference between the two strut-and-tie models in the shear spans where
there is no web openings. When the opening is located within the interior shear spans (as in DBS8),
compression struts form in the exterior shear spans following the shortest load path, as indicated in
Fig. 10(el). On the other hand, when the opening is located within the exterior shear spans (as in
DB9), the compression struts in the interior shear spans are interrupted by the additional tension ties
above the central support, as depicted in Fig. 10(e2). This is not unlike the experimental observation
(Ashour and Rishi 2000) where two distinct modes of failure, affected mainly by the location of the
openings, were noticed. When the openings are within the interior shear spans like in DB8, the
diagonal cracks that formed at the corners of the openings extended both ways towards the load
point and support, as highlighted in Fig. 10(f1). For the beam having openings within the exterior
shear spans like in DBY9, in addition to the diagona cracks propagating from the opening corners
towards the load point and support, another major diagonal crack occurred between the load point
and support, which is aso highlighted in Fig. 10(f2).

Also included in the comparison are the Ply curve resulted from Eq. (9) and the volume reduction
curve. For beam DB8, Fig. 10(gl) shows that the Ply value increases from one (1) indicating that
the topology of the deep beam is improved by systematically removing inefficient material from the
original over-designed area. In addition, the Pl value reaches the maximum at iteration 130 when
the final topology is generated. While the performance index increases, the volume ratio (V/V,)
decreases, as shown in Fig. 10(h1). Similar optimization history is found for beam DB9, as evident
in Figs. 10(g2) and 10(h2).

6.3 Group 9: DB10 vs DB11 - continuous beams with varying locations of large openings
Fig. 11 compares the two beams DB10 and DB11, again with different locations of web openings.

As compared to those in Group 8, the sizes of the openings are doubled in both beams, however
similar outcome is observed.
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6.4 Comparison between Groups 8 and 9

For the purpose of comparison, the optimal strut-and-tie models for DB8 to DB11 are reproduced
in Fig. 12. As the strut-and-tie models suggest, the modes of failure depend on the locations of web
openings, regardless of their sizes. However it is obvious that the larger the opening, the flatter the
diagonal cracks joining the corner of the opening and the load point/support. Also from the
structural point of view, both the size and location of openings have significant influence on the
capacity and serviceability of deep beams.
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Fig. 12 Comparisons of strut-and-tie models of DB8, 9, 10 and 11
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7. Conclusions

In this study, topology optimization of eleven deep beams with web openings is performed under
both stress and displacement constraints, by which the system performance (i.e., overal stiffness) of
the structure is satisfied. The final topologies, selected based on the maximized performance index,
are interpreted into optimal strut-and-tie models. The eleven deep beams are optimized and
compared in nine groups, through which the influences on the strut-and-tie model in relation to
different size, location and number of openings, as well as different loading and support conditions
are examined. The optimal strut-and-tie models achieved are aso compared with published
experimental crack patterns.

Based on the comparisons made in nine groups, the follow findings are also observed.

(1) In relation to different size, location and number of openings:

If the location of the opening is in the compression transfer zone, the load transfer path is re-
routed around the sides of the opening, thus causing the formation of additional tension ties at
the top and bottom of the opening. The presence of more than one opening complicates the
strut-and-tie model. Further, when the opening(s) are lower in the beams there tends to be an
addition of a single horizontal tension tie that unites both left and right compression transfer,
above the opening(s).

(2) In relation to different loading conditions:

Under a single point load, a triangle-based strut-and-tie model forms, whereas under two point
loads, the strut-and-tie model becomes trapezoid in shape with an additional horizontal strut
forming the top side of the trapezoid.

(3) In relation to different support conditions:

In comparing the strut-and-tie models of a simply supported beam and a continuous beam, it
has been found that the prominent difference is at around the internal support of the continuous
beam, where an additional horizonta tension tie forms between the compression struts. Also,
generally two compressive struts form directly over the continuous support and rise verticaly
up to the newly formed tension tie. This makes the design of a continuous deep beam more
complicated than a simply supported counterpart. In addition, numerical results have confirmed
the experimental observations in that the modes of failure in continuous deep beams depend on
the location of web openings regardless of their sizes.

In summary, the optimal strut-and-tie models generated compared favourably with experimental
crack patterns, thereby suggesting the accuracy of the optima strut-and-tie models in a variety of
different situations. The study has provided some insights into various parameters that affect the
load transfer mechanisms of concrete deep beams with openings under ultimate load. This in turn
would assist detailed reinforcing design of such eements that exhibit complicated structural
behaviour.
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