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ABSTRACT: This paper presents an application of nonlinear strut-and-tie model (NSTM) with bond-slip effect for 

analysis of reinforced concrete (RC) interior beam-column joints under lateral loading. The conventional STM is a 

calculation based on the force method exhibiting the internal forces in each component, it is unable to capture an 

inelastic response when RC beam-column joints undergo large displacement. Test results of three similar interior 

beam-column subassemblage frames with Grade400, Grade400s and Grade500 of longitudinal reinforcement bar, 

were used to verify the applicability of the NSTM, respectively. In the joint region, nonlinear links of concrete and 

steel bar with bond-slip effect were applied to simulate a load-displacement response. The results, such as maximum 

loading capacity, lateral load-story drift relation and failure mode, obtained from both NSTM models and 

laboratory experiments were compared. It was found that the results from the analyses using the NSTM with bond-

slip effect agreed well with the experimental results. Furthermore, the demand-to-capacity ratios of the nonlinear 

links, which represents the distribution of the internal force in the NSTMs’ joint region, exhibit the failure location 

and the failure mode that compatible with the experimental result. Hence, the proposed model is capable of 

predicting the strength of interior beam-column joint of RC frames under lateral loading. 

Keywords: Nonlinear strut-and-tie model, Bond-slip effect, Interior beam-column joint, Lateral load 

1. INTRODUCTION

During a large earthquake, the most critical
region in the concrete moment resisting frame is 
the beam-column joint.  The joint is subjected to a 

much higher shear force than other connected 
elements.  The failure of the joint can lead to the 

brittle failure mode.  Hence, force resisting 

mechanism of the joint is carefully considered for 
seismic action.  A strut-and- tie model is the widely 

used joint model for estimating the joint capacity. 

It was first introduced by Park and Paulay [1] and 
provided in various design code provisions such as 
ACI318-14 [2] and NZS 3101-95 [3]. For the beam-

column joint region of RC frames under lateral 
loading, the diagonal strut and reinforcements 
form truss mechanism that representing the 
transfer of shear force within the concrete joint, as 
shown in Fig.1.  Several researchers developed the 

joint model by considering a nonlinear behavior of 
concrete material. For example, Hwang and Lee [4] 

proposed a softened strut-and- tie model based on 

traditional strut- and- tie model according to 

ACI318-95 [5]. The proposed model was derived to 

satisfy equilibrium, compatibility, and the 
constitutive laws of cracked reinforced concrete. 

Similarly, Hong and Lee [6] presented the strut-

and- tie model for RC beam- column joints to 

investigate the effect of shear strength degradation 
on the deformation of plastic hinges of adjacent 
beams. The bond stress distribution along the beam 

steel bars within the joint was considered in the 
study.  Bonding behavior proposed by Soroushian 

et al. [7] was adopted for simulating the local bond 

slip of deformed bars in confined concrete. 

In general, the conventional strut-and-tie model 

is a calculation based on the force method 
exhibiting the internal forces in each component. It 

is unable to capture an inelastic response when 
displacement becomes large.  Chaimahawan and 

Pimanmas [8] proposed the use of nonlinear link 
with the strut-and-tie model for nonlinear analysis 

of existing reinforced concrete beam- column 

connection.  The nonlinear links were provided in 

the critical region.  The model was capable to 
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predict the story shear and displacement relation. 

However, the large shear force in the joint also 
introduces bonding deterioration. Hence, this paper 

was aimed to present the applicability of the 
softened strut- and- tie model including bond- slip 

effect along longitudinal beam reinforcement 

within the concrete joint and plastic hinge region 
at column faces by using inelastic constitutive 
models from previous studies.  The validity of the 

proposed model was examined by comparing the 
numerical results with the experimental results of 
three interior beam-column joint specimens. 

 

(a) Diagonal strut mechanism 

 

(b) Truss mechanism 

 

(c) Force acting on interior   

beam-column joint 

Fig. 1 Shear mechanism of interior beam-column joint [4-5] 

2. STUDY PROGRAM 
 

In this study, test specimens and analytical 
models were classified according to the grade of 
longitudinal bars as shown in Table 1. Three grades 

of longitudinal bars were a conventional Grade 400 
deformed rebar, a seismic Grade 400s bar with 
higher ductility, and a high strength Grade 500 bar.  

 
Table 1 Test specimens and strut-and-tie model  

 
Longitudinal 

bar grade 
Test specimen Analytical 

model 
Grade 400  M-SD40-EXP NSTM-SD40 

Grade 400s  M-SD40s-EXP NSTM-SD40s 

Grade 500  M-SD50-EXP NSTM-SD50 

 
2.1 Experimental Program 

 

The experimental study involved the test of the 

three 2/ 3 scaled cruciform shaped interior beam-

column monolithic subassemblage frames having 

different grades of longitudinal reinforcement in 

each specimen.  The test specimens were designed 

based on a seismic design philosophy according to 

ACI 318-14 and the ACI 352R-02 [9]. The identical 

reinforcement details were provided for all 

specimens, as shown in Fig. 2. A quasi-static lateral 

load (H) with a loading history according to ACI 

T1. 1- 01[10] was applied on the specimens by 

pushing forward and pulling backward the top of 

the upper column.  Furthermore, a vertical axial 

load of 0. 10fc’ Ag was constantly applied at the 

column tip. 

 
2.2 Numerical Program 

 
2.2.1 Generation of Strut-and-Tie model in the 

interior beam-column joint 

Under high lateral load, the free body diagram 
of the interior beam- column joint along with its 

acting forces are shown in Fig.  1(c).  The 

equilibrium of the horizontal forces on the joint of 
an RC frame can be explained in Eq. (1). 

 

cbbjh VCTV  21  (1) 

 
where Vjh is the horizontal shear force in the joint; 
Tb1 is the tensile force of the beam longitudinal 
reinforcement on a side of the column face; Cb2 is 
the compressive force of beam on another side of 
the column face representing as beam flexural 
compression block; Vc is the column shear force 
that acting on the joint, equal to [(Mu1+ Mu2)/h + 

(Vbhc)/h]; Mu1 and Mu2 ,as shown in Fig.  3, are the 

ultimate bending moment capacities of the two 
connecting beams; h is interstory height; Vb is the 
shear force in the beam; and hc is the column depth 
in direction of the acting lateral force. 

In equilibrium condition, the compressive 
stress, Cb2, is balanced with yielding force Tb2 = 

As2fy2.  For the plastic yielding on another beam’s 

end, Tb1 is equal to As1fy1.   As1 and As2 are the cross 

sectional areas of tension reinforcement of the left 
(bottom) and right (top) side, respectively.  The 

specified yield strength of the bottom and top 
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reinforcement bars are represented as fy1 and fy2, 
respectively. Hence, the Eq. (1) can be rewritten as 

shown in Eq. (2). 
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For a stress field within an interior beam-

column joint shown in Fig.  4(a), the strut-and-tie 

model is developed in Fig. 4(b). The position of the 

internal tensile force (Tb1) in longitudinal bars is 
assumed to coincide with the resultant 
compression force (Cb2) in the compressive region 
of the beam section.  Regarding strut angles of 

inclination α1 and α2, the calculation of the 
parameter can be expressed in Eqs. (3) – (4). 
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where hc’  and hb’  are the distance between the 

longitudinal reinforcement in the column and 
beam, respectively.  In order to calculate the 

flexural moment capacities (Mu) in Eq.  (2) of the 

beam and column, the depths of beam and column 
in compression zone (ab and ac) is calculated as 
follows: 
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where As is the area of tensile steel bars of the 
beam; bb and bc are the beam width and column 
width, respectively; hc is the thickness of column; 
and N is the axial load acting on the column. 

 

Fig. 2 Detailing of test specimens  

 
2.2.2 Nonlinear Strut-and-tie model (NSTM) 

To predict the maximum shear capacity of the 
test specimens, the NSTMs were generated by 
using CSI- SAP2000 software.  Geometry and 

dimension of the NSTMs were given based on the 
test specimens.  Linear strut- and- tie components 

were considered following ACI 318- 14.  For the 

joint region and the plastic hinge region at beam-

ends, nonlinear links were applied with nonlinear 

constitutive laws of specific materials. As shown in 

Fig.  5(a), the NSTM is composed of 90 linear 

components, 17 nonlinear link elements and 56 
nodes.  The nonlinear link elements are shown in 

Fig. 5(b). In this study, the NSTM was increasingly 

pushed at the column tip under laterally monotonic 
displacement. 
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2.3 Constitutive Law of Concrete and 

Reinforcing bar 
 

In this study, the nonlinear links in the joint 
region were a relationship between load-

displacement converted from constitutive stress-

strain relations.  For the nonlinear strut component, 

the compression loading is the multiplied result 
between compressive stress (c) of the concrete 
model and the effective compressive area (Ab = bb x 

ab and Ac = bc x ac for strut components in beam and 

joint elements, respectively).  The multiplied result 

of compressive strain (c) and strut component 
length was used as the longitudinal displacement 
of the nonlinear struts.  Similarly, in the nonlinear 

tie components, the tensile loading of the tie 
elements was the multiple of tensile stress (fs) of 
steel bar and reinforcing area (As).  Also, the 

multiplied result of the steel tensile stain (s) and 
the tie length was used as the longitudinal 
displacement of the nonlinear tie components.

  

 

(a)   Section of column                                                                          (b)   Section of joint 

Fig. 3 Free body diagram of column and joint 

  

(a) Stress field within joint region (b) Strut-and-tie model within joint region 

Fig. 4 Strut-and-tie model within beam-column interior joint region [4] 

 
2.3.1 Softened concrete model for the nonlinear 

strut element 
In this study, the nonlinear concrete model 

proposed by Maekawa et al. [11] was used to define 

the strut elements in the joint and plastic hinge 
region.  The compressive strength and stiffness of 

concrete are reduced due to the occurrence of 

orthogonal tensile strain (t) in term of a reduction 
factor ().  For simplicity, the minimum reduction 

factor of 0.60, was assumed in this study.  Fig.  6 

shows the uniaxial constitutive law performed in 
the nonlinear spring of the strut-and-tie model. Only 

compression response was defined in the strut 
components. The uniaxial stress-strain relationship 
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can be written as; 
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where c is the compressive stress parallel to crack 
direction;  is strength reduction factor due to 
orthogonal tensile strain; Ko is the fracture 
parameter; Eco is the initial elastic modulus; p is 
the compressive plastic strain; ’ is the strain at the 

peak compressive strength. 

 
 

 
(a) Nonlinear strut-and-Tie model 

 

 
 

(b) Nonlinear links at the joint region 

Fig. 5 Nonlinear strut-and-Tie model (NSTM) with nonlinear joint 

 
2.3.2 Softened concrete model for the nonlinear 

strut element 
In general, the stress-strain curve of the bare bar 

is assumed as an elasto-perfectly plastic. However, 

the stress-strain relationship of the bar embedded 

in the concrete structure is quite different. At crack 

sections, the embedded reinforcement behaves as 
the steel bar.  Whilst, at the uncrack sections 

between the two consecutive crack sections, stress 
in the reinforcing bar is lower than the stress at the 
crack sections.  A previous study of Hsu and Mo 

[12] proposed average or smeared reinforcing bar 
behavior between the crack and uncrack sections. 

Fig.  7 shows the smeared bilinear model of steel 

bar used in this study.  The smeared yield stress of 

the bilinear model (fy’) was used to define the yield 

strength of the nonlinear tie elements. 

 
2.4 Bond Behavior in the Joint Region  

 

The bond- slip response in the joint was 
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considered in the study.  The bond-slip model was 

defined as the nonlinear link elements representing 

the longitudinal beam bars within the joint region 

in the NSTM, as shown in Fig.  5.  The empirical 

equation of local bond stress and slip values 

proposed by Soroushian et al.  [7] was adopted, as 

shown in Table 3 and Fig. 8.  
 

Fig. 6 Combined compression-tension model of 

concrete [11] 

 

 

 

Fig. 7 Stress-strain relationship of steel bar [12] 

 
Table 3 Empirical values for characteristic local 

bond stress and slip (Soroushian et al.) 
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where db is the bar diameter; S is bond slip; t is 
bond stress; S1, S2 and S3 are characteristic bond 
slip values for the local bond constitutive model, 
t1, t2 and t3 are characteristic bond stress values for 
the local bond constitutive model.  t2 was assumed 

to equal to t1. 

 

 

Fig. 8 Shape of local bond stress-slip model 

 
3. RESULTS 
 
3.1 Material properties  

 
Concrete with the uniaxial compressive 

strength of 44. 03 MPa was used to produce all 

specimens.  The tensile mechanical properties of 

three grades of steel bars are shown in Table 4.  

 
Table 4 Properties of longitudinal reinforcements 

 

Grade of 
Steel Bar 

Yield 
Strength, 
fy (MPa) 

Tensile 
Strength, 
fu (MPa) 

Elongation 
(%) 

Grade 400 454 632 24.2 

Grade 400s 468 568 28.5 

Grade 500 560 716 20.3 

 
Table 5 Strength and story drift level at peak of 

story shear 
 

Specimen 

Push (H+)/ Pull (H-) Average 
capacity 

, HEXP  
(kN) 

Ultimate 
Load (kN) 

Corresponding 
Story Drift (%) 

M-SD40-EXP 44.43/42.08 2.00/ 3.50 43.25 

M-SD40s-EXP 44.03/44.24 2.00/ 2.50 44.14 

M-SD50-EXP 48.48/48.09 2.00/ 2.50 48.28 

 
3.2 Experimental result 

 
Fig.  9 shows the load-displacement hysteresis 

response of all test specimens.  The ultimate load 

capacities of test specimens are shown in Table 5.  
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3.3 Numerical Results with the NSTM 

 
Fig.  9 shows the monotonically backbone 

curves of NSTMs along with the enveloped curves 
obtained from the experimental results.  It can be 

seen that both results are in good agreement.  The 

maximum capacities of the NSTMs are shown in 
Table 6. The comparisons revealed that the NSTMs 

accurately predicted the ultimate capacity; and 
relation between the lateral story shear and the 
lateral displacement.  Table 7 shows the maximum 

loading capacities of the analyzed frames using 
NSTM (HNSTM), experimental results (HEXP) and 
calculated values from ACI318- 14 design code 

(HCAL).  

 
Table 6 Strength and story drift level at peak of 

story shear 
 

NSTM Model 

Numerical Result 

Maximum Load, 
HNSTM (kN) 

Corresponding 
Story Drift (%) 

NSTM-SD40 47.99 1.62 

NSTM-SD40s 46.21 1.85 

NSTM-SD50 51.30 1.78 

 
Table 7 Strength and story drift level at peak of 

story shear 
 

Series 
 HEXP 
(kN) 

HCAL 
(kN) 

HNSTM 

(kN) 
HNSTM

/HCAL 
HCAL 

/HEXP 
HNSTM

/HEXP 

M-SD40 43.25 42.44 47.99 1.13 0.98 1.11 

M-SD40s 44.14 40.30 46.21 1.15 0.91 1.05 

M-SD50 48.28 45.33 51.30 1.13 0.94 1.06 

Average 1.14 0.94 1.07 

 
Regarding the internal force in the joint 

region of the NSTMs, Fig.  10 shows demand- to-

capacity ratio (D/C ratio) of the strut- and- tie 

elements.  The NSTM- SD40 and NSTM- SD40s 

models are very similar in terms of the force 
distribution, the failure location and the failure 
mode.  The D/C ratios of the tie- link element 

representing the steel bar at the column face are 
equal to 1.00 as shown in Figs.10 (a-b), meaning 

that the stress of the bar was reached to the yield 
level.  For the specimen NSTM- SD50, the D/C 

ratios of the strut- link element representing the 

compressive portion of the concrete section at the 
column face are equal to 1.00.  This indicates the 

compression failure of concrete which is similar to 
the failure mode obtained from the experimental 
result of specimen M-SD50. 

 

 
a) Story shear force vs. story drift ratio 

of M-SD40 series 

 

 
b) Story shear force vs. story drift ratio 

of M-SD40s series 

 

 
c) Story shear force vs. story drift ratio  

of M-SD50 series 

Fig. 9 Experimental and numerical results 

 
4. CONCLUSIONS  
 

This paper presents the test and analysis of 
RC subassemblies under lateral loading. Nonlinear 

strut–and-tie model with bond-slip effect in the joint 

region were adopted in the analysis. The numerical 

results from the NSTMs such as maximum loading 
capacity, lateral load-story drift relation and failure 

mode were verified to the experimental results. The 

results from the analyses with the NSTMs agreed 
well with the experimental results.  The ultimate 
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lateral load from the analyses, experiments and 
ACI318-14 are all similar.  Modes of failure of all 

NSTMs are compatible with the failure mode in the 
experimental results.  Hence, it can be said that the 

analysis using the nonlinear strut– and- tie model 

with bond-slip effect in the joint zone is capable of 

predicting the ultimate capacity of RC frames 
under lateral loading. 

 

 
a) NSTM-SD40 

 

 
b) NSTM-SD40s 

 

 
 

c) NSTM-SD50 

Fig. 10 Demand to capacity ratio at joint region 

of NSTMs 
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