
 

 

  
Abstract—Strut-and-Tie Models (STM) for the design of 

concrete beams, comprising of struts, ties, nodes as the basic tools, is 
conceptually simple, but its realization for complex concrete structure 
is not straightforward and depends on flow of internal forces in the 
structure. STM technique has won wide acceptance for deep member 
and shear design. STM technique is a unified approach that considers 
all load effects (bending, axial, shear, and torsion) simultaneously, 
not just applicable to shear loading only. The present study is to 
portray Strut-and-Tie Modeling based on Load-Transfer-Mechanisms 
as a unified method to analyze, design and detailing for deep and 
slender concrete beams. Three shear span- effective depth ratio (a/ d) 
are recommended for the modeling of STM elements corresponding 
to dominant load paths. The study also discusses the research work 
conduct on effective stress of concrete, tie end anchorage, and 
transverse reinforcement demand under different load transfer 
mechanism. It is also highlighted that to make the STM versatile tool 
for design of beams applicable to all shear spans, the effective stress 
of concrete and, transverse reinforcement demand, inclined angle of 
strut, and anchorage requirements of tie bars is required to be 
correlated with respect to load transfer mechanism. The country code 
provisions are to be modified and updated to apply for generalized 
design of concrete deep and slender member using load transfer 
mechanism based STM technique. Examples available in literature 
are reanalyzed with refined STM based on load transfer mechanisms 
and results are compared. It is concluded from the results that 
proposed approach will require true reinforcement demand depending 
on dominant force transfer action in concrete beam. 
 

Keywords—Deep member, Load transfer mechanism, Strut-and-
Tie Model, Strut, Truss.  

I. INTRODUCTION 
TRUT-and-Tie models (STM) are the distinct depiction of 
statically equivalent distributed stress field, developed in a 

continuum structural domain due to combined action of load 
of bending, axial, shear, torsion, by resultant straight lines and 
concentrate the curvature of the stress field in nodes. STM is 
essentially a truss analogy. Truss members that are in 
compression, termed as struts, are made up of concrete, while 
truss members that are in tension consist of steel 
reinforcement. Transverse reinforcement may be necessary to 
prevent splitting caused by transverse tension due to high 
compressive stress in the strut. The complexity of strut-and-tie 
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method involve in transforming a continuous description of a 
structural domain to a discrete strut-and-tie model and in 
specification of concrete effective strength under different 
force flow conditions. The several empirical approaches are 
proposed to aid in generating STM. Schlaich et al. [1] 
suggested that one possible approach for the development of 
suitable strut and tie models is to orient the struts and the ties 
members within 15 degrees from the principal stress path 
obtained from elastic un-cracked stress field and the most 
valid model tends to be the one that minimize the amount of 
reinforcement. The crack patterns, if available, are helpful in 
laying out best strut-and-tie models. It is suggested [2] that a 
STM developed with struts parallel to the orientation of initial 
cracking will behave very well. The computer-aided topology 
optimization for continuum structures [3] is also utilized for 
the development of the strut-and-tie models where the lowliest 
stressed portions from the structural concrete member are 
gradually removed.  

The concept of strut-and-tie modeling was first introduced 
by Ritter [4] and Morsch [5]. Considerable contributions are 
under way for further development of strut-and-tie modeling 
and for application of strut-and-tie technique to shear critical 
regions and deep structures. Zhu et al. [6] conducted 
experiments for crack width prediction in concrete beams 
using a compatibility-aided strut-and-tie model. The strut-and-
tie model technique is applied by Ahmed et al. [7] to design 
the T-cantilever deep beam. To validate the design of concrete 
structures using STM, an automated finite-element-based 
validation method is presented by Park et al. [8]. Macro-
mechanical strut and tie model has been presented by Khalifa 
[9] for analysis of fibrous high-strength concrete corbels. Over 
the past decade, the concept of strut-and-tie approach has been 
incorporated into several codes of practice and design 
guidelines. An experimental investigation, aimed at evaluating 
the adequacy of the strength factors for concrete struts in ACI 
building code, is carried out by Febres et al. [10]. Rathie [11] 
investigates the proposed strut-and-tie section of draft code 
DR05252, revision to Australian code - AS 3600 [12]. The 
ACI318-05 and AASHTO-LRFD code provisions related to 
STM are evaluated and new recommendations are suggested, 
using published database of large number of tests, by Brown 
and Bayrak [13]. Park and Kuchma [14] have predicted 
strength of deep beam using STM. They consider cracked 
concrete constitutive law for wide range of provided 
horizontal and vertical web reinforcement ratios, concrete 
compressive strengths, and shear span-to-depth ratios (a/d). 
On the basis of transfer mechanism of shear loads, an 
analytical method has been proposed by Kuo et al. [15] to 
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define the boundaries of Bernoulli (B) regions and disturbed 
(D) regions. They emphasized to include dimension of 
member, strength of material and reinforcement details to 
define the D-regions, and classified the beams as deep beams, 
slender (DBD) beams and short (DD) beams based on the 
length of D-regions. Kim and Jeong [16] have developed a 
model to decouple the shear contribution by the tied arch 
action in concrete beams subjected to combined shear and 
bending.  

Various researchers have contributed to study the effect of 
the Shear span - Effective depth (a/ d) ratio on the shear 
strength and overall behavior of reinforced concrete beams. 
Foster and Gilbert [17] suggested to select different STM for 
design based on the shear span to flexure lever arm ratio (a/z) 
i.e. direct strut-and-tie model for a/z < 1, combined strut-and-
tie model for 1< a/z< 1.73 and two panel truss model for a/z > 
1.73. Russo et al. [18] have proposed for high strength 

concrete deep beam, a critical (a/d)c ratio as 
.  . .

/ .  such 

that if (a/d) < (a/d)c, arch action will dominant in the beam 
while if (a/d) > (a/d)c, truss action will dominant in the beam. 
Concrete beam specimens with a/d ratio ranged from 
approximately 1 to 8 were tested by Ahmad and Lue [19]. It 
was observed that the capacity and the failure mode of the test 
specimens were largely a function of the a/d ratio. The failure 
was by crushing of the arch at a/d ratio less than 1.5, whereas 
at an a/d ratio between 1.5 and 2.5, the beams failed by shear 
compression of the web of the beam. The shear behavior of 
the beam transitioned from a shear-compression type failure to 
a diagonal-tension type failure at an a/d ratio of approximately 
2.5. At an a/d ratio between 2.5 and 6, the failure of the beams 
was due to a diagonal tension crack that originally propagated 
from a flexural crack (flexure-shear crack) whereas the beams 
generally failed in flexure at an a/d ratio more than 6. 
Experimental database are compiled by Brown et al. [28] to 
examine the effects of position of the load on the load transfer 
mechanism of reinforced concrete beams. The experiments 
were conducted by Birrcher et al. [20] to study the effect of 
minimum reinforcement and a /d ratio on strength and 
serviceability of deep beam. Test specimens were of a/d ratios 
as 1.2, 1.85, and 2.5 with 0.2% web reinforcement in each 
direction. With increasing a/d ratio, a change in failure mode 
was observed. At a/d ratio of 1.2, the failure was the result of 
crushing along the diagonal strut but at an a/d ratio of 2.5, it 
was completely due to diagonal tension failure. At a/d ratio of 
1.85, the load is transferred partly by direct-strut mechanism 
and partly by sectional shear or diagonal tension mechanism. 
They also suggested that a multiple-panel STM should be used 
when the a/d ratio exceeds 2. 

The development of suitable layout of strut and tie for 
concrete structures is the major task in the Strut-and-Tie 
technique. An (a/ d) ratio, a factor for the development of load 
transfer action, is proposed in the present study for selection of 
a unified Strut-and-Tie Models for concrete beams. Based on 
cited reference and literature survey (Fig. 1, [2]), three shear 
span- effective depth ratio (a/ d) are recommended for the 
modeling of STM elements corresponding to dominant load 

paths, namely, a/ d ≤1 (Arch action), 1 < a/ d < 2.5 (Arch - 
Truss transition or combined action) or a /d ≥ 2.5 (Truss 
action). It should be noted that the strut-and-tie models 
provides only the locations of its components. The exclusive 
recommendation based on the strength performance criteria 
should be framed for the concrete effective stress, strut angle, 
minimum reinforcement requirements and anchorage 
requirements of tie correlating with different (a /d) ratios to 
evolve a unified STM technique of concrete beams. 

 

 

Fig. 1 Shear at failure with a/d ratio 

II.  STM AND LOAD TRANSFER MECHANISM 
Most of studies using STM for concrete members consider 

two basic types of load transfer actions only, i.e. direct strut or 
truss action, and transition force transfer or combined action is 
generally ignored. There are also disagreements on 
distribution of load transferred in combined force transfer 
mechanism. Separate configurations of STM are necessitated 
for individual force transfer actions and combination of force 
actions. For the beams with (a /d) ≤ 1, direct strut or arch 
transfer action will govern i.e. major portion of the load is 
directly transferred to support through single inclined strut. 
For this mechanism, one panel STM will be required for load 
transmission. For the beams with (a /d) ≥ 2.5, flexural action 
will govern i.e. a two or multiple panel STM will be required 
for load transmission. In the truss model, an additional tie is 
required to balance the transverse component of the force in 
the flatter inclined strut. For the beams with 1 < (a /d) < 2.5, 
transition force transfer actions is existed. For this mechanism, 
combined STM, i.e. two-panel STM with one direct strut from 
load to support is needed. The possible configurations of 
Strut-Tie Model based on force transfer action are shown in 
Figs. 2-4. Fig. 2 shows Strut-Tie Model for (a /d) ≤ 1 
considering tied-arch action. Fig. 3 depicts Strut-Tie Model 
for (a /d) ≥ 2.5, considering truss action. Strut-and-Tie Model 
for 1 < (a /d) < 2.5, representing combined arch-truss action is 
shown in Fig. 4. 
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Fig. 2 Strut- and-Tie Model for a/d ≤ 1(Arch action) 

 

 
Fig. 3 Strut- and-Tie Model for a/d ≥ 2.5(Truss action) 

 

 
Fig. 4 Strut- and-Tie Model for 1 < a/d < 2.5 (Arch-Truss transition 

action) 
 
The national standards guidance except FIP 

recommendations [21] permits the layouts representing either 
arch or truss action in Strut-Tie Model with a restriction on the 
inclined angle of the strut. FIP recommendations, which are 
adopted from the Schafer [22] proposals, consider load 
transferred to support by combination of arch and truss action 
in all shear span- depth ratios condition and discard the direct 
arch action or pure truss action. According to FIP 
recommendations, the fraction of load transferred to support 
by the transverse ties truss depends on the shear span- internal 
lever arm ratio (a /z) and is represented as (1/3) [2. (a/z) – 1]. 
The remainder of the load is transferred directly to the support 
by the direct strut action. Foster and Gilbert [23] have also 
proposed similar expression. According to them, the load 
contribution to support in concrete member by the transverse 
ties truss is given by (1/2) [√3. (a/z) – 1]. More recently, Zhi et 
al. [24] derive the relations for fraction of load transfer 
between direct strut and truss mechanism in combined force 

transfer action, separately for corbel and deep beams. They 
suggested that combined mechanism will exist for a/d ratio 
between 1 and 2 and combined mechanism will consist of 
vertical tie truss mechanism, horizontal tie truss mechanism 
and direct compression strut mechanism. The portion of load 
transferred by the vertical tie truss mechanism and by the 
horizontal tie truss mechanism in deep beam shall be (4/3) [1 – 
3/2(a/z)2] and (4/3) [1 – 3(a/z)2 /2] respectively. The remainder 
of the load is transmitted directly to the support by direct strut 
mechanism. It is interesting to note that upper limit of a /z 
ratio given by them for absolute dominance of vertical tie truss 
mechanism is when a /z ≥ 2.45. It is found that that the 
contribution of the truss action by such recommendations is 
overestimated. The effect of transverse reinforcement has not 
been duly accounted in calculating the load transfer fraction 
between the direct strut and truss mechanism. 

III. CONCRETE EFFECTIVE STRESS OF STRUT 
Cracked concrete subjected to high tensile strain in the 

direction normal to the compression is softer than concrete in 
a standard cylinder test, in other words concrete element in 
STM under loading is stressed to an effective concrete 
strength [25]. The major factors affecting the compressive 
strength are width and orientation of crack, longitudinal 
reinforcement and lateral confinement. The compressive 
strength of concrete also affects the load transfer 
characteristics in beams. The STM element subjected to 
different load action will have different characteristics and 
behavior such as cracking and degree of softening of concrete 
strength, and mode of failures. The severity of strength 
softening is highest in the truss action region and least in 
direct arch action. Standards and researchers recommend two 
approaches to introduce effective concrete strength in STM, 
one is single capacity reduction factor and other is material 
capacity reduction factors based on actual tensile and 
compressive strain in concrete and reinforcement. Standards, 
such as ACI318, recommend a single capacity reduction factor 
for concrete strength while other standards, namely AASHTO, 
Australian code etc., recommend using a material capacity 
reduction factors. It will be helpful in generalizing the STM if 
strength reduction factors are integrated with load transfer 
mechanism i.e relationship in terms of a/d ratios. Wang et al 
[26] has recommended to include a/d ratio for determining the 
effective strength of concrete deep beams. The following are 
the capacity reduction or so-called efficiency factor, to 
account for concrete softening in terms of a/d ratio, 
(applicable to a/d ratio < 2 and irrespective of dominant force 
transfer action) proposed by various authors. 
Foster and Gilbert [23]: 
 

. .  /  ⁄
      (1) 

 
Wang et al. [26]:  
 

0.8  f // 200 1.25  0.25 a h⁄       (2) 
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Collins et al. [27]: 
 

 
.  

           (3)                    

 
Brown et al. [28]: 
 

36.67 a
d √f / .        (4) 

 
Arabzadeh et al. [29]:  
 

/ .

. . ⁄  
 0.09 ρ .

/          (5) 

 
Sahoo et al. [30]: 
 

0.6 .  55ρT         (6) 
 
Rao and Sundareson [31]:  
 

  √ /
                 (7) 

 
where: αs or θ = Smallest angle between the compressive strut 
and adjoining tie; ε1 = Tensile strain that can be expressed as  
 

    0.002 cot α  
 
εs = Tensile strain in the concrete in the direction of the 
tension tie usually taken as 0.002; fc′ = Specified concrete 
compressive strength; ρT = effective transverse ratio; rc = 
Concentration ratio of the load resisted by the diagonal; ρ = 
longitudinal reinforcement ratio; jo= the neutral axis depth  

IV. INCLINED ANGLE OF STRUTS 
The degree of strength softening of concrete will dictate the 

minimum angle of strut permitted for STM analysis. Potential 
compatibility problems in STM are also avoided with limits on 
angles between struts and ties and minimum reinforcement 
requirements. Bentz et al. [32] have given the formula to 
determine the angle (θ) of strut as 

 
 29 . 7000  0.88       (8) 

 
Kim and Mander [33] have calculated the cracked angle of 

concrete for shear and flexure region and have developed the 
following relation to calculate the cracked angle using energy 
minimization method 

 

 tan
  

  

/

       (9) 

 
where Ag = gross section area of concrete element; Av = shear 
area of concrete section; n = Es/Ec=Modular ratio; Ec= 
Elasticity modulus of concrete; Es = Elasticity modulus of 

steel; ρv = Volumetric ratio of shear steel; ρt =Volumetric ratio 
of longitudinal steel; ς = End Fixity Factor 

The country standards have recommended a varying 
minimum angle of concrete strut. The minimum angle 
recommended for strut in Euro code, ACI318, Swiss code and 
AS3600 are 220, 250, 260, 300 respectively. There is no 
limitation placed on angle of strut in AASHTO code. For 
generalization of Strut-tie-model technique, the specific 
recommendation for angle should be proposed based on the 
dominant load transfer mechanism in the concrete beams.  

V. TRANSVERSE REINFORCEMENT 
The load transfer mechanism and redistribution of internal 

forces is depends on the amount of transverse reinforcement in 
addition to shear span-depth ratio (a/d) and compressive 
strength of concrete. The purpose of web reinforcement, in 
direct arch mechanism is to resist the transverse tensile forces 
developed in a concrete strut. As the a/d ratio increases and 
the behavior of the load transfer in beams transitions from an 
arch action to a truss action, the effectiveness of vertical 
reinforcement increases. Many studies have been devoted to 
web reinforcement requirements in STM techniques. Ghoneim 
[34] based on experimental studies has concluded that the 
beneficial effect of the vertical web reinforcement is more 
significant at a/d ratio of 0.95 and confirmed the established 
knowledge that the effect of horizontal web reinforcement 
diminishes with the increase of a/d ratio. Based on the 
Comparisons of results obtained from the experimental 
program, STM, Conventional Sectional Method and Non-
Linear Finite Element analysis, Shuraim [35] concluded that 
0.003% web reinforcement recommended as minimum web 
reinforcement by codes will not ensure ductile behavior in the 
reinforced concrete deep beams. Sahoo et al. [36] has 
experimentally investigated that relative effectiveness of 
vertical and horizontal reinforcement in beams depends on 
strut inclination (a/d ratio). Horizontal reinforcement may be 
more effective in beams with steeply inclined diagonal strut 
and vice versa. They also modified the ACI318 web 
reinforcement transformation equation to represent a clear 
relationship between transverse reinforcement and strut 
efficiency factor. The proposed modified equation is 
represented as 

 

  ∑
 

        (10) 
 
where Asi is the cross-sectional area of each layer of web 
reinforcement in the i-th orientation; bs is the strut or beam 
thickness (out-of-plane); si is the spacing of web 
reinforcement in the i-th orientation; and αi is the angle 
between the strut and the bars in the i-th orientation. 

Martin and Sanders [37] has proposed crack control web 
reinforcement as  

 
0.003 sin cos       (11) 
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The minimum web reinforcement equation sensitive to load 
transfer mechanism i.e. a/d ratio is proposed by Brown et al. 
[28] and is given as, 

 

,   /  
   

       (12) 
 
where, ν = efficiency factor for reinforced struts, Ac = 
minimum cross-sectional area of the strut, θ = angle of strut 
with respect to the horizontal fy = yield strength of web 
reinforcement, b = width of strut, d = effective depth of the 
strut; m = slope of the angle of dispersion, ρ = reinforcement 
ratio perpendicular to the splitting crack 

The country codes specify varying minimum reinforcement 
for strut in transverse directions. The recommended minimum 
reinforcement across the strut in different codes varies from 
0.0015 to 0.003%. There is need to unify the 
recommendations for transverse reinforcement considering 
load transfer mechanism and other related factors. The 
proposals for relative proportion of reinforcement demand in 
vertical and horizontal direction of the member should also be 
based on prevailing load transfer mechanism. 

VI. TIE BARS END ANCHORAGE 
The transverse confining conditions that develop from the 

reaction and diagonal strut at the support of concrete members 
will affect the load transfer mechanism in the beams. The end 
anchorage requirements will be different over the support to 
develop the probable load transfer mechanism. Rogowsky et 
al. [38] reported that for beams with small shear span-to-depth 
ratios, compressive stresses at the supports can greatly reduce 
the anchorage length of the bars. Bou Saleh Ahmed [39] 
shows that the confining pressure at the support reactions will 
assist in developing the required yield strength in the steel bars 
even though the provided development length is below code 
requirements. Moran et al. [40] has experimentally studied the 
concrete beam reinforced with high strength steel and 
provided with ACI318 code straight anchorage having (a/d) 
raio as 1.2, 1.8 and 2.4 and no anchorage failure was observed 
at beams end. They concluded that existing code provisions 
for development length are feasible for beam design using 
STM method. Roy and Brena [41] and Brena and Roy [42] has 
also examined and discussed end anchorage requirements of 
beams with different a/d ratios. They concluded that beams 
with straight bar anchorages of only approximately 50% of the 
length required by provisions of ACI 318-08 was able to 
develop peak loads comparable with beams where longer 
anchorages were provided. For arch action type force transfer 
action, a full anchorage of tie bars may be needed but partial 
anchorage could be provided for other type of load transfer 
action. For generalized design of beams with STM technique, 
clear guidance should be framed for bar anchorage 
requirement correlated to load transfer action. 

VII.  EXAMPLE PROBLEMS 
Example problems of concrete deep beam with eccentric 

loading having a/d ratio as ≈1 and ≈ 2 available in literature 
[43] is considered for demonstration of the force transfer 
mechanism (a/d ratio) based Strut-and-Tie Models 
formulation. The details of the beam are shown in Fig. 5. The 
finite element procedure based computer program (CAST- 
Computer Aided Strut-and-Tie) developed by Tjhin and 
Kuchma [44] is used to evaluate STM element forces of the 
problems. The design of the beam is based on ACI code 
provisions. CAST is an integrated analysis and design tool for 
structural concrete using strut-and- tie models. CAST provides 
a graphical interactive environment for all aspects of the 
design process, including definition of the D-region, selection 
of the strut-and-tie model, truss analysis and member 
definitions. CAST designs the STM elements for multiple load 
cases in which equilibrium is satisfied between the applied 
loadings and forces in the strut-and-tie model components. 
The loading acting on the D-regions is limited to static 
monotonic. The idealized shape of struts and ties is prismatic. 
The nodal zones are formed by the intersection of effective 
widths of the framing struts and ties. The primary failure 
modes of the D-regions are the yielding of ties, crushing of 
struts or nodal zones and diagonal splitting of struts. 

The concrete grade of the example beam is M 28 and steel 
grade is Fe 410. The conventional STM is modified to suit the 
load transfer action. The left span of the beam is under 
possible arch type force transfer action and right span is under 
transition arch-truss action as a/d ratios are 1 and 2 
respectively. The conventional STM and proposed STM based 
on load transfer mechanism are shown in Figs. 6, 7. 

 

 
Fig. 5 Loading and Geometry of the deep beam 

 

 
Fig. 6 Layout of Conventional Strut-and-Tie Model assumed in 

available literature 
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Fig. 7 Layout of Proposed Load Transfer Mechanism based Strut-

and-Tie Model (Left side span: direct strut (a/d ≈1); Right side span: 
Arch-Truss transition (a/d ≈ 2)) 

 
The conventional STM and proposed STM based on load 

transfer mechanism for the beam along with STM elements 
stress demand and corresponding demand-capacity ratio (in 
brackets) are shown in Figs. 8-10. The comparison of 
reinforcement demand using conventional STM and load 
transfer mechanism based STM for left span of the beam are 
given in Table I. It is clear from the Table I that horizontal 
reinforcement requirement is much more than the minimum 
reinforcement code requirements and additional truss should 
be included to account for actual reinforcement demand. In 
direct strut dominant action, the more horizontal 
reinforcement and less vertical reinforcement appear to be 
more appropriate distribution. The comparison of 
reinforcement demand using conventional STM and proposed 
STM for right span of the beam are given in Table II. It is 
evident from the table that longitudinal reinforcement 
requirement in right span of the beam with conventional STM 
is about 35% less than the load transfer mechanism based 
STM and it is about 32% more transverse reinforcement 
requirement than the load transfer mechanism based or 
proposed STM. Table III shows the comparison of load 
fraction distribution between arch and truss action in 
combined force transfer mechanism. The load fractions 
transfer obtained in proposed approach are similar to the other 
proposed methods. It can be concluded that the load transfer 
action based STM is providing a realistic reinforcement 
demand for the concrete beam. 

 

 
Fig. 8 Conventional STM stress demand and demand-capacity ratio 

 

 
Fig. 9 Proposed or Load transfer mechanism based STM stress 

demand and demand-capacity ratio 
 

 
Fig. 10 Load transfer mechanism based STM stress demand and 

demand-capacity ratio (Left side span: direct strut with additional 
truss element to account for horizontal reinforcement) 

 

 
Fig. 11 Conventional STM stress demand and demand-capacity ratio 
(Left side span: direct strut as bottle shape with single tie to account 

for horizontal reinforcement; Right side span: Additional Truss 
Element to account for horizontal reinforcement) 

 

 
Fig. 12 Load transfer mechanism based STM stress demand and 

demand-capacity ratio (Right side span: Additional Truss Element to 
account for horizontal reinforcement) 

 

 
Fig. 13 Load transfer mechanism based STM stress demand and 

demand-capacity ratio (Left side span: bottle shaped strut with double 
tie to account for horizontal reinforcement) 
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TABLE I 
COMPARISON OF TRANSVERSE REINFORCEMENT DEMAND IN DIRECT STRUT MECHANISM (RIGHT SPAN OF THE SS DEEP BEAM) 

Type of Strut 
Transverse Reinforcement (mm2) 

Remarks 
Vert. Hor. 

Typical STM strut , ACI Code web reinforcement requirement§11.8.4/5 1690 1015  
Proposed STM strut with additional horizontal tie truss 1690 2615 Fig. 10 

Proposed STM bottle shape strut with single tie 1690 3005 Fig. 11 
Proposed STM bottle shape strut with double tie 1690 2395 Fig. 12 

Reinforcement provided in literature [43] 2700 1690  
 

TABLE II 
COMPARISON OF REINFORCEMENT DEMAND OF PROPOSED COMBINED DIRECT STRUT AND TRUSS MECHANISM (RIGHT SPAN OF THE SS DEEP BEAM) 

Type of Reinforcement Conventional STM 
(Fig. 8) 

Conventional STM with horizontal tie 
truss (Fig.11) 

Proposed 
STM (Fig. 9) 

Proposed STM 
with horizontal tie truss (Fig.13) 

Longitudinal Reinforcement (mm2) 3085 3700 4185 4415 
Vertical Reinforcement (mm2) 3060 2515 2085 1890 

Horizontal Reinforcement (mm2) 1015 1165 1015 745 
 

TABLE III 
COMPARISON OF DISTRIBUTION OF LOAD BETWEEN DIRECT STRUT AND TRUSS MECHANISM FOR COMBINED MECHANISM (RIGHT SPAN OF THE SS DEEP BEAM) 

Propose method a/d Ratio Strut Mechanism (%) Truss Mechanism (%) 

Load transfer mechanism based STM using CAST program [44] 
1 100 0 
2 25 75 

FIP recommendation 
1 67 33 
2 0 100 

Foster & Gilbert 
1 64 36 
2 0 100 

Zie et al. 
1 100 0 
2 17 83 

 
VIII. CONCLUSION 

The STM follows the Lower Bound Theorem of Plasticity, 
in which only equilibrium and yield criteria are fulfilled and 
the strain compatibility is not required. As a result of this 
relaxation, more than one admissible Strut-and-Tie Model 
may be developed. The research work in cited literature 
indicates that shear span- effective depth ratio (a/d), factor for 
the development of load transfer action, can be taken as 
guiding factor for selection of most appropriate and for 
unification of Strut-and-Tie Model. The strut-and-tie model 
`method (STM) is an effective tool for the design and detailing 
of shear critical regions as well as the Bernoulli’s regions of 
the concrete structures as STM method considers all load 
effects (bending, axial, shear, and torsion) simultaneously. In 
the present study, the various idealization of Strut-and-Tie 
Model to describe the different load-transfer-mechanisms is 
presented. It is also concluded from the results that Strut-and-
Tie Model based on load transfer action will provide realistic 
reinforcement demand. It is discussed that concrete member 
under different force action will have different characteristics 
and behavior, and for rationalizing the Strut-and-tie modeling, 
the guidelines for efficiency factor of concrete, tie bar 
anchorage value, transverse reinforcement and angle of strut 
should be correlated to (a/d) ratios according to dominant load 
transfer mechanisms. Dedicated analytical and experimental 
investigations seem required for further understanding the load 
transfer mechanism of the beam and to develop inter related 
correlations based on a/d ratio including final 
recommendations for various factor affecting the dominant 

load transfer mechanism based strut-and-tie model method.  

REFERENCES  
[1] Schlaich, J., Schäfer, K., Jennewein, M. Towards a consistent design of 

structural concrete. PCI Journal 1987; 32(3):74-150. 
[2] MacGregor, J. G. Reinforced concrete: Mechanics and Design, 3rd 

Edition, Prentice Hall; 1997. 
[3] Victoria M., Querin, O. M., Martí, P., Generation of Strut-and-Tie 

Models by Topology Design using Different Material Properties in 
Tension and Compression, Struct. Multidisc Optimization, 2011, 
44:247–258.  

[4] Ritter, W. Construction techniques of hennebique, Schweizerische, 
Bauzeitung, Zurich; 1899. 

[5] Mörsch, E. Concrete-steel construction, McGraw-Hill Book Co., New 
York; 1909. 

[6] Zhu, R. R. H, Wanichakorn, W., Hsu, T. T. C., Vogel, J., Crack Width 
Prediction Using Compatibility-Aided Strut-and-Tie Model, ACI 
Structural Journal, Vol. 100, No. 4, July-August 2003, pp. 413-421. 

[7] Ahmed, M., Khan, M.K.D., Wamiq, M., Application of Strut-and-tie 
Model to Analyze Complex Structural Members, IE (India) journal, 89, 
2008, pp. 3-6. 

[8] Park, W.J., Yindeesuk, S., Tjhin, T., Kuchma, D., Automated Finite-
Element-Based Validation of Structures Designed by the Strut-and-Tie 
Method, J. Struct. Engrg. Vol. 136, 2, 2010, pp. 203-210. 

[9] Khalifa E. S., Macro-mechanical strut and tie model for analysis of 
fibrous high-strength concrete corbels, Ain Shams Eng J (2012), 
http://dx.doi.org/10.1016/j.asej.2012.04.004 

[10] Febres, C. G., Parra, G., Wight, J. K., “Strength of Struts in Deep 
Concrete Members Designed Using Strut-and-Tie Method”, ACI 
Structural Journal, V. 103, No. 4, 2006, pp. 577-586.  

[11] Rathie, S., Analysis of the strut-and-tie section of draft code DR05252 
(AS 3600)”, Concrete in Australia, Vol. 34, No. 4, 2007, pp 49-53. 

[12]  AS 3600-2001. 2001. Concrete Structures, Standards Australia, Sydney, 
Australia. 

[13] Brown, M.D., Bayrak, O., 2008, “Design of Deep Beams Using Strut-
and-Tie Models— Part I: Evaluating U.S. Provisions”, ACI Structural 
Journal, V. 105, No. 4, pp.  395-404. 

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering

 Vol:7, No:3, 2013 

261International Scholarly and Scientific Research & Innovation 7(3) 2013 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
iv

il 
an

d 
E

nv
ir

on
m

en
ta

l E
ng

in
ee

ri
ng

 V
ol

:7
, N

o:
3,

 2
01

3 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
73

61
.p

df



 

 

[14] Park, W.J., Kuchma, D., 2007, Strut-and-Tie Model Analysis for 
Strength Prediction of Deep Beams, ACI Structural Journal, Vol. 104, 
pp. 557-666. 

[15] Kuo, W.W., Cheng, T.J., Hwang, S.J., Force transfer mechanism and 
shear strength of reinforced concrete beams, Engineering Structures, 32, 
2010, pp. 1537-1546. 

[16] Kim, W., Jeong, J., Decoupling of Arch Action in Shear-Critical 
Reinforced Concrete Beams, ACI Structural Journal, V. 108, No. 4, 
July-August 2011. 

[17] Foster, S.J., Gilbert, R.I., 1999, “The Design of Non-flexure member 
with normal and high Density Concrete”, ACI Structural Journal, V. 93, 
No. 1, pp. 3-10. 

[18] Russo.G, Somma, G., Angeli, P. (2004), “Deign shear strength formula 
for High Strength concrete beams” Journal of Material and Structures. 
Vol 10(37), 2004. pp 1519-1527. 

[19] Ahmad, S. A., Lue, D. M., “Flexure-Shear Interaction of Reinforced 
High- Strength Concrete Beams,” ACI Structural Journal, V. 84, No. 4, 
1987, pp. 330 –341. 

[20] Birrcher, D., Tuchscherer, R., Huizinga, M., Bayrak, O., Wood, S., and 
Jirsa, J., Strength and Serviceability Design of Reinforced Concrete 
Deep Beams, Report, No. 0-5253-1, Center for Transportation Research, 
University of Texas at Austin, Austin, Texas, March 2009. 

[21] FIP Recommendations 1999: Practical Design of Reinforced and Pre-
stresses Concrete Structures, Thomas Telford Services Ltd., London. 

[22] Schäfer, K., Strut-and-Tie Models for the Design of Structural Concrete, 
Notes from Workshop, Department of Civil Engineering, National 
Cheng Kung University, Tainan, Taiwan, 1996, 140 pp.  

[23] Foster, S. J., Gilbert, R. I., “Experimental Studies on High- Strength 
Concrete Deep beams, ACI Structural Journal, V. 95, No. 4, July- Aug. 
1998, pp. 382-390. 

[24] Zhi, Q. H., Zhao, L., Zhongguo, J. M., Investigation of Load-Transfer 
Mechanisms in Deep Beams and Corbels, ACI Structural Journal, V. 
109, No. 4, July-August 2012.  

[25] Vecchio, F. J., and Collins, M. P., “The Modified Compression Field 
Theory for Reinforced Concrete Elements Subjected to Shear,” ACI 
JOURNAL, Proceedings,  V. 83, No. 2, Mar.-Apr. 1986, pp. 219-231. 

[26] Wang, W., Jiang, D.H., Hsu. T.T.C, Shear strength of reinforced 
concrete deep beam, Journal of Structural Engineering, ASCE, V. 119, 
No. 8, Jan. 1993, pp. 2294-2312. 

[27] Collins, M. P.; Mitchell, D.; Adebar, P.; and Vecchio, F. J., A General 
Shear Design Method, ACI Structural Journal, V. 93, No. 1, Jan.- Feb. 
1996, pp. 36-45. 

[28] Brown, M. D.; Sankovich, C. L.; Bayrak, O.; Jirsa, J. O.; Breen, J. E.; 
and Wood, S. L., Design for Shear in Reinforced Concrete Using Strut-
and-Tie Models, Report No. 0-4371-2, Center for Transportation 
Research, University of Texas at Austin, Austin, Texas, Apr. 2006. 

[29] Arabzadeh, A., Rahaie. A. R., Aghayari, R., A Simple Strut-and-Tie 
Model for Prediction of Ultimate Shear Strength of RC Deep Beams., 
International Journal of Civil Engineering. Vol. 7, No. 3, 2009. 

[30] Sahoo, D.K., Singh, B., Bhargava, P. (2010), “Strut efficiency factors for 
structural concrete made from coarse recycled concrete aggregates”, 
Journal of Structural Engineering, 37(1): 49-54. 

[31] Rao, G. Sundaresan, R., Evaluation of size effect on shear strength of 
reinforced concrete deep beams using refined strut-and-tie model, 
Sadhana, Vol. 37, Part 1, February 2012, pp. 89–105. 

[32] Bentz, E. C., Vecchio, F. J., and Collins, M. P., Simplified Modified 
Compression Field Theory for Calculating Shear Strength of Reinforced 
Concrete Elements., ACI Structural Journal, V. 103, No. 4, July-August 
2006, pp. 614-624. 

[33] Kim, J. H., Mander, J. B., Theoretical Crack Angle in Reinforced 
Concrete Elements Subjected to Strong Earthquakes, 12th World. Conf. 
on Earthquake Engg., Auckland, New Zeeland, paper No. 944, Jan-Feb 
2000. 

[34] Ghoneim, M. Shear Strength of High Strength Concrete Deep Beams, 
Journal of Engineering and Applied Science, Vol. 48, No. 4, August 
2001, p 675-693 

[35] Shuraim, A.B. Behavior and shear design provisions of reinforced 
concrete D-region beams. J. of K Saud University–Engineering Sciences, 
2012, doi:10.1016/j.jksues.2012.01.001. 

[36] Sahoo, D.K. An investigation of the strength of bottle-shaped struts, 
Ph.D. thesis, Indian Institute of Technology Roorkee, Roorkee: pp.324, 
2009.  

[37] Martin, B. T., and Sanders, D. H., Verification and Implementation of 
Strut-and-Tie Model in LRFD Bridge Design Specifications, NCHRP 
Project 20-07, Task 217,  pp.276, Nov., 2007. 

[38] Rogowsky, D. M., MacGregor, J. M., and Ong, S. Y., 1986, “Tests of 
Reinforced Concrete Deep Beams,” ACI Journal, V. 83, No. 4, pp. 614- 
623. 

[39] BouSaleh Ahmed, Effects of Anchorage Details on Response of Deep 
Beams, MSc Engineering Thesis, McGill University, Montreal, Quebec, 
Canada, 2006. 

[40] Moran, G.J.D, Behaviour of concrete deep beams with high strength 
reinforcement, M.Sc, Structural Engg. Thesis, Edmonton. University of 
Alberta, 2008. 

[41] Roy, N. C., and Brena, S. F., Behavior of Deep Beams with Short 
Longitudinal Bar Anchorages, ACI Structural Journal, V. 105, No. 4, 
July-Aug., 2008, pp. 460-470. 

[42] Breña, S. F. and Roy, N. C., Evaluation of Load Transfer and Strut 
Strength of Deep Beams with Short Longitudinal Bar Anchorages, ACI 
Structural Journal, V. 106, No. 5, 2009, pp. 678-689. 

[43] Wight, J. K., and Parra M. G., Use of Strut and Tie Model for Deep 
Beam Design as Per ACI 318 Code, Concrete International, V. 25, No. 
5, 2003, pp. 63-70. 

[44] Tjhin, T. N. and Kuchma, D.A., Computer-Based Tools for Design by 
the Strut-and-Tie Method: Advances and Challenges, ACI Structural 
Journal, Vol. 99 No. 5, 2002,pp. 586-594. 

 
 
 
Ahmed, M. is working as Assistant professor in King Khalid University, 
Abha, KSA. He holds engineering degrees from Aligarh Muslim University, 
India and a doctorate in Computational Mechanics from Indian Institute of 
technology Delhi, India. 

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering

 Vol:7, No:3, 2013 

262International Scholarly and Scientific Research & Innovation 7(3) 2013 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
iv

il 
an

d 
E

nv
ir

on
m

en
ta

l E
ng

in
ee

ri
ng

 V
ol

:7
, N

o:
3,

 2
01

3 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
73

61
.p

df


