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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

Angles are popularly used in built-up steel sections. The behaviour of common sections built-up by angles such as boxes 

and tees are established, and design provisions are available in design codes. The cruciform arrangement, consisting of 

vertex-to-vertex connected angles, has been studied recently as a strengthening arrangement for lattice tower primary 

members, where the load is not applied through the centroid on the built-up section, like in common built-up sections. The 

behaviour of such cruciforms need to be studied further for establishing their efficiency as compression members. This 

study consists of experimental tests followed by numerical parametric study of such cruciforms. Experimental tests on 

cruciform of slenderness 80, 100 and 120 were performed followed by numerical finite element analysis for validation.  A 

parametric study was conducted on 36 bi-angled cruciforms with slenderness, connector spacing, number of bolts and angle 

width-thickness ratio as the chosen parameters. Predictions by national design codes were compared with the numerical 

results. The influence of these parameters on the load sharing rate between the angle sections were observed and it is seen 

that slenderness has the highest influence while the number of bolts per connector has least influence. Equal load sharing 

was achieved for cruciforms of lesser slenderness, showing that the arrangement can be an efficient strengthening 

arrangement. 
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1.  Introduction 

 

Steel angles are the primarily used sections to construct lattice towers such 

as telecommunication and electrical transmission towers [1]–[3]. These towers 

are built by bolted connections of single or double angles for primary leg mem-

bers and single angles for secondary members at higher elevation. Angles are 

also versatile due to which they are used in various built-up arrangements such 

as Tee (back to bank), Channel (toe to toe), box sections and design procedures 

for such built-up sections are available in international design standards. The 

behavior of angles is unique due to their unsymmetric geometry because of 

which Indian and other standards contain dedicated clauses to determine their 

compression capacity. Built-up sections in steel structures are adopted when the 

required cross-section to withstand the design load is not available and are re-

cently also being adopted for retrofit of distressed members in service.

 

 

Fig. 1 Different Built-up options with angle sections for a tower; (a) Existence tower plan; (b) bi-angled T section; (c) bi-angled box section; (d) bi-angled cruciform section  

 

Among various built-up options for existing tower legs for retrofit, Tee (Fig. 

1 (b)) is not possible practically due to presence of bolts (Fig. 1 (a)) at both sides 

of the angle section and box section (Fig. 1(c)) is not possible due to presence 

of root radius at edges where the angles will have to be joined. Hence for an 

existing tower the cruciform arrangement offers the most practical solution 

since it minimally interferes with the two sides of the angle section which is to 

be retrofitted (Fig. 1(d)). A number of arrangements are cruciform by geometry 

(e.g., aligned, alternate etc.). But only the arrangement using uniformly spaced 

cleat angles for connecting the existing and reinforcing angles, have been called 

“cruciform” (Fig. 2) by researchers. 

Extensive literature is available on the behaviour of built-up sections com-

posed of angle sections. Tetra-angled cruciforms [4]–[6] have been studied as a 

built-up section comprising of angles as well as the effect of inter-connectors 

on the behaviour of these members. Flexural-Torsional buckling occurs depend-

ing on connector spacing [7] and overall slenderness [8]. Force sharing between 

the two members of a built-up section up to 30% have been seen in some studies 

[9], though this is influenced by the connection pattern viz. single cross plate, 

double cross plate, cleat angle etc. 

Bolt-slip is a common occurrence in sections used in towers, with the most 

widely adopted slip model for the angle sections proposed by Ungkurapinan et. 

al [10] experimental programme. Recent studies demonstrate the resemblance 
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of joint models including slip [11] with experimental observation, and the initial 

torque has a prominent influence on ultimate load and stiffness [12]. The appli-

cation of additional angles to strengthen towers is seen earlier in the form of 

diaphragm retrofit by Albermani [13], [14]. Among available tower primary leg 

retrofit patterns in literature, the studies by University of South Australia have 

determined that the cruciform is superior in terms of capacity improvement [15], 

and the improvement in tower ultimate capacity was also shown through testing 

of small-scale tower with leg-retrofit by cruciform arrangement [16]. Literature 

on efficiency of cruciform retrofit in improving the whole tower capacity are 

also present [17], [18]. Other retrofit options such as provision of casings [19], 

box [20] and others [21], [22] have also been attempted. Xie and Zhang [23] 

conducted an experimental test on a bottom panel of tower assembly by retro-

fitting the diagonal members and found that vulnerable members of the assem-

bly changed from diagonal to main member after retrofitting. The component 

method of Eurocode 8 can be used to evaluate the connection in these members 

[24]. 

From the practical implementation view it is seen that the cruciform of Ver-

tex-to-Vertex connection is more suitable [15], [22] for field application of ret-

rofitting tower legs. But it is found that experimental work for determining in 

detail the behaviour of cruciform arrangement is lacking in the literature. Hence 

from the literature it is seen that further investigations on behaviour of cruciform 

of bi-angled section are needed to ascertain their effectiveness as a built-up sec-

tion. Further, the existence-to-retrofit angle connections are to be specifically 

suitable for in-situ retrofitting. Such an option is presented in [15], [22]. The 

present study investigates the mechanical behavior of such cruciform retrofit 

section under compression loading experimentally and numerically using 

ABAQUS. Parameters chosen for study are (a) Slenderness Ratio, (b) Con-

nector Spacing, (c) Number of bolts per connector and (d) Width to thickness 

ratio. The present study will help in understanding the ultimate behaviour of bi-

angled cruciform section along with load sharing rate between Existing Member 

(EM) and newly added Reinforcing Member (RM). 

 

2.  Experimental setup 

 

As shown in the Fig. 2 Vertex-to-vertex cleat angles were used to connect 

both Existing Member (EM) and Reinforcing Member (RM) to form the bi-

angled Cruciform section with 5.6 grade of 10 mm sized bolt. Fig. 2 (a) and Fig. 

2 (b) shows the cross-sectional views with connectors and without connectors, 

respectively. Fig. 2 (b) shows the loading point P and “e” is the eccentricity of 

the loading point, whereby load will be initially taken by EM then transferred 

to RM through Vertex-to-vertex cleat angles.

 

 

Fig. 2 Cross-sectional view of Bi-Angled Cruciform Section; (a) with connectors; (b) without connectors 

 

 

Fig. 3 Testing setup for Bi-Angled Cruciform Section with position of Strain gauge and LVDT 
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Fig. 4 Details of Experimental Specimens; (a) Single Angle specimens; (b) Bi-Angled Cruciform specimens; (c) Bottom Connector Details 

 

The slenderness of the specimens of both single-angle and cruciform was 

chosen as the common parameter so that a comparative picture of change in 

failure (buckling) mode can be observed. The steel angle section of ISA 

40X40X6 of E350 grade as per IS:2062-2011 was chosen for both single-angle 

and bi-angled cruciform experiments. 

Fig. 3 mentions the detailed test setup and specimen details along with the 

location of strain gauges and LVDTs. A total of six strain gauges were used 

during the experiment for each Bi-Angled Cruciform (BAC) specimen, three for 

EM and three for RM. All these strain gauges were placed at the mid height of 

each segment (portion of specimen between two connectors). Three LVDTs 

(LVDT 1 and LVDT 2 to measure the lateral and transverse displacements at 

mid height and LVDT 3 to measure the axial displacement) were used. The 

loading point is the centroid of the EM (Fig. 2), and the top loading plate is 

welded only with EM (top of Fig. 3 (b)) . The level difference (Fig. 3 (c)) in the 

top surfaces of EM and RM, ensures that the load is initially taken by EM and 

then transferred to the RM through the bolted cleat angles over some distance.  

The bottom plate was welded to the bottom connectors alone and not to the 

EM and RM (Fig. 3 (d) and Fig. 4 (c)). This was done in order to replicate the 

real field conditions where the main member of the tower is connected to the 

foundation via coping. During the experiment, some fabrication errors were 

found in the bi-angled cruciform section SR100 whereby the elevational differ-

ence between EM and RM was insufficient and SR120 specimen had an overall 

inclination of 20 with vertical. The same errors which occurred during fabrica-

tion were included in the numerical model later for model validation purpose.

 

 

Fig. 5 Coupon Testing; (a) Coupon specimen before and after testing (b) Stress-Strain Plot 

 

Eqn (1) to (5) were used to determine the various cross-sectional properties 

of BAC (Fig. 2 (b)), the chosen cruciform has cross-sectional area (A) 888 mm2, 

centroidal moments of inertia (Ix) of both angles and product of inertia (Ixy) 

260596 mm4 and 56952 mm4, respectively. The cleat angle are neglected for 

moment of inertia calculation of cruciform.  
 

A = 2T (2B − T)                                               (1) 

 
Ix =

4B4−{(B−T)4+3(B2−T2)}

6
                                        (2) 

 
Ixy =

T2(2B2−T2)

2
                                                (3) 

 
Imin = Ix − Ixy                                                 (4) 

 

rmin = √
Imin

A
                                                   (5) 

 

Bolt hole clearance, pitch, edge distance, and end distance are considered 

based on the regulations of IS:802-1995 (Code of Practice for structural steel 

Overhead Transmission Line Towers) [25] , while the centre-to-centre spacing 

of the connectors is based on the AISC 360-16 [26] specification, which states 

that individual components of compression members composed of two or more 
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shapes shall be connected to one another at intervals, a, such that the slenderness 

ratio, a/ri, of each of the component shapes between the fasteners does not ex-

ceed three-fourths times the governing slenderness ratio of the built-up member. 

The least radius of gyration, ri, shall be used in computing the slenderness ratio 

of each component part. 

AISC 360-16 [26] suggests that for a built-up member to function as an 

effective structural member pretension is required. From the torque equation 

T=KFD, the required torque to obtain a pretension force of magnitude 10kN for 

bolts was evaluated as 20 N-m by considering K value as 0.2 [27] and this value 

of torque was applied to tighten the bolts. Sequence of tightening of bolts was 

performed from middle to outer as suggested in reference [10]. 

Three number of coupon specimens were extracted in accordance with the 

ASTM E8/E8M−13a [28] provisions and tension test was performed to find the 

grade of the steel and stress-strain properties. Fig. 5 (a) and Fig. 5 (b) shows the 

coupon specimen used for the tension test and average stress-strain (both engi-

neering and true values) graph.  

Detailed test setup for the single angles and cruciform specimens including 

location of LVDT, strain gauges, load cell shown in Fig. 3 The loading was 

stopped during each experiment after load started to drop, post the ultimate load 

based on safety considerations due to the deflection of specimen. Plots of load-

deflection, strains and related results are plotted in section 4. 

 

3.  Numerical modelling 

 

In order to obtain greater understanding on the physical behavior of these 

sections, a parametric study was performed. A numerical model was developed 

using ABAQUS. All parts named Existing Member (EM), Reinforcing Member 

(RM), and Connectors were created in the part module using the 3D solid ex-

trude option.  Bolt and nut were developed as a single unit called a fastener. 

The material density was taken as 7850 kg/m3, with 0.3 as the friction coeffi-

cient. Boundary conditions of pinned at the base of bottom plate and twist and 

vertical deflection allowed at loading point were applied based on deformation 

observed in experiment. 

 

 

Fig. 6 Buckling Modes; (a) SA-F; (b) SA-T; (c) SA-LB; (d) BAC-F; (e) BAC-T; (f) 

BAC-FT; (g) BAC-LB 

 

Table 1 

List of models generated for Experimental results Validation and their global buckling modes 

S. No Name of Model Size of Section λ L First 4 Buckling Modes 

1 SR80-SA-Num 

ISA 40X40X6 

80 616 F, T, LB, LB 

2 SR100-SA-Num 100 770 F, T, LB, LB 

3 SR120-SA-Num 120 924 F, T, LB, LB 

4 SR80-BAC-Num 80 1200 F, T, TF, TF 

5 SR100-BAC-Num 100 1500 F, T, TF, TF 

6 SR100-BAC-Im-Num 100 1500 F, T, TF, TF 

7 SR120-BAC-Num 120 1800 T, TF, F, TF 

8 SR120-BAC-Im-Num 120 1800 T, TF, F, TF 

SR, λ - Slenderness Ratio; L – Length of specimen; Num – Numerical model; Im – Imperfection modified; F - Flexural Buckling about Minor Axis; T - Torsional Buckling; TF - Torsional-

Flexural Buckling; LB – Local Buckling.  

 

Fig. 7 Cruciform model with MPC connected to EM; (a) Top, (b) Bottom 

Multipoint constraints (MPC) beam elements are used for application of 

boundary conditions and load (Fig. 7). The bolt load of 10kN is applied as the 

bolt pretension. The total analysis is conducted in two stages [3] – stage 1 in-

cludes the prediction of buckling modes from linear perturbation analysis to in-

corporate the imperfections. Stage 2 was non-linear analysis performed by 

Static-RIKS by incorporating the imperfections from stage 1 analysis. Imper-

fections factors of 0.5, 0.1, 0.1 and 0.1 (decided based on the trial and error to 

match with the experimental behaviour) for the first four buckling modes were 

incorporated through the keyword edit (Fig. 6, Table 1). Different global seed 

size of 5, 10 and 15 were tried for the analysis and it was found that ultimate 

behaviour was same for all mesh sizes and hence mesh size of 15 was adopted 

to minimize the computational time. Eight noded brick elements (C3D8R) with 

reduced integration were assigned [15], [29]. Two interactions were considered 

- penalty friction formulation with a friction coefficient of 0.25 in tangential 

behaviour and hard contacted pressure-overclosure with a penalty (Standard) 

for constraint enforcement method by specifying contact stiffness of 2000 N-

mm with a linear behaviour [22].  

 

4.  Results and discussions 

 

Experiments were performed on single angles and Bi-Angled cruciforms of 

same slenderness to evaluate their mechanical behaviour and capacities. Nu-

merical validation of all models were done using the experimental results. Com-

parison of experiment and numerical results are presented in Table 2. 

 

4.1. Experimental results 
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Table 2 shows the ultimate capacities obtained from testing. During the ex-

periments, flexural buckling was observed for the all-single angles and cruci-

form sections of SR 80 and SR 100, whereas for SR 120 cruciform section, 

flexural-torsional buckling was observed. Due to insufficient elevational differ-

ence between EM and RM (SR 100 specimen) due to fabrication error, top plate 

attained contact with RM and therefore load was taken by both EM and RM 

from early stages of loading leading to higher failure load. 

 

 

Fig. 8 Load vs Lateral Displacement for Single Angle (SA) and Bi-Angled Cruciform 

(BAC) Experiments 

 

Fig. 8 show the load vs lateral displacement curves for all single angles and 

cruciform specimens, from the figure it is found that there is no much difference 

observed in the stiffness of both 80 and 100 slenderness specimens, whereas the 

stiffness of 120 slenderness specimen is significantly lower. This is because the 

Flexural-Torsional buckling drives the deflection of the specimen and also the 

effect of 20 inclination.  

 

4.2. Numerical results and validation 

 

For the specimen of slenderness 100 which had insufficient elevation dif-

ference between EM & RM, the ultimate capacity was 171.1kN since load was 

taken by both members from the start. Numerical capacity of SR100-BAC-Num 

was 169.26 kN. Therefore, a numerical model (SR100-BAC-Im-Num) of slen-

derness 100 was developed including the desired elevational difference between 

EM and RM and its capacity was 133.22 kN. Since SR120 model had an overall 

inclination of 20 the same was included in the numerical model for validation. 

The models ‘SR120-BAC-Num’ and ‘SR120-BAC-Im-Num’ are numerical 

models validated with inclination of 20 and without inclination, respectively. 

 

 

Fig. 9 Load vs Lateral Displacement for Single Angle Specimens 

 

Fig. 10 Comparison of Exp-Num for Load vs Lateral Displacement for Bi -Angles Cruci-

form 

 

For single angles and bi-angled Cruciform sections of all slenderness ratios, 

numerical capacity matched with experimental capacity and load vs lateral dis-

placement curves (Fig. 9 and Fig. 10) were in good agreement with numerical 

results. The initial stiffness of SR80 and SR100 coincided and their load carry-

ing capacities obtained from experiment (and numerical) were 188.2 kN (and 

186.9 kN) and 171.1 kN (and 169.2 kN) respectively. The stiffness of 120 slen-

derness specimen is very low when compared with other slenderness specimens. 

Secondary moments in a column is prominent at higher slenderness ratios and 

also the eccentric loading amplifies the reduction in lateral stiffness in this spec-

imen.  

Comparison of load vs axial displacement for cruciform specimens are pre-

sented in Fig. 13. From that curves it is observed that, unlike lateral stiffness 

there is not much difference in axial stiffness between various slenderness spec-

imens. As the curvature and the lateral deflection of a member increases, the 

compressive stresses on the concave side of the member also increases until the 

member fails due to excessive yielding. In the numerical analysis this corre-

sponds to the increment where specimen reaches ultimate load. For Single an-

gles (Fig. 11) and bi-angled Cruciform specimens (Fig. 12) the bending was 

observed about minor axis (v-v axis) in both experimental and numerical anal-

ysis. 

 

 

Fig. 11 Buckling axis for Single Angle Specimen 

 

 

Fig. 12 Buckling axis for Bi-Angled Cruciform Specimen 
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Comparison of load vs lateral displacement for SR 100 and SR 120 with 

and without fabrication errors Fig. 14. Stiffness of SR100-BAC-Im-Num 

(Model with elevational difference) was similar to experimental specimen, but 

there is considerable difference in their load carrying capacities, showing that 

providing elevational difference between the EM and RM affects the ultimate 

capacity. For SR120 model stiffness and capacity are greater for the specimen 

without inclination - 97.27kN compared to 82.47kN with inclination. Fig. 15, 

Fig. 16 and Fig. 17 show the deformed shapes of experimental cruciform spec-

imens along with numerical model deformed shapes obtained from numerical 

analysis. 

 

 

Fig. 13 Load vs Axial Displacement of Cruciform Specimens (Exp-Numerical Comparison) 

 

 

Fig. 14 Load vs Lateral Displacement for SR100 and SR120 Bi-Angles Cruciform (Com-

parison of models inclusive of fabrication errors) 

 
Fig. 18 (a) to Fig. 18 (f) show the Load vs Micro Stain curves from the 

experiments in EM & RM for the cruciform sections and same are compared 

with numerical values. During the experiments, for all specimens, the highest 

strain at any load was recorded in the top segment of EM and least strain rec-

orded in the top segment of RM and the same is seen in the validated numerical 

models. In the bottom segments of SR 80 and SR 100 specimens, the difference 

between the strains in EM and RM was low, indicating that the loads carried by 

EM and RM in the bottom segment are almost equal. In case of SR120 greater 

difference in strains between EM and RM compared to SR80 and SR100 were 

observed in the bottom segment, which may be due to higher slenderness ratio 

within each segment and initial inclination. In each figure, the top segment of 

EM which records the highest strain is the left most curve, while top segment 

of RM which carries least strain is the right most curve. The bottom segments 

of both EM and RM which carry intermediate, but similar strains, are seen in 

the middle of each figure. Strain in EM decreases from top segment to bottom 

segment, where as in RM its increases from top to bottom, which clearly depicts 

the load transfer through the connected angle cleats. 

 

Fig. 15 SR80 Deformed Shape (Exp-Numerical) 

 

 

Fig. 16 SR100 Deformed Shape (Exp-Numerical) 

 

 

Fig. 17 SR120 Deformed Shape (Exp-Numerical) 
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Fig. 18 Comparison of Load vs Micro Strain (T-Top; M-Middle; B-Bottom) 

 

4.3. Codal predictions 

 

The experimental and numerical capacities were also compared with the 

codal predictions. Capacity of single and bi-angled cruciform sections were 

calculated with the help of Indian Standard [30], European Standard[31] and 

AISC[26] codal provisions and compared with experimental results. From the 

specifications of design of compression member, the following set of equations 

(6-9) were used to determine the capacity by using IS:800-2007 [30] and BS 

EN 1993-1-1:2005 / EN 1993-1-1:2005 (E) [31]. Partial safety factors were 

avoided in calculations. 

 

𝑁𝑏,𝑅𝑑 =  𝜒 𝐴 𝑓𝑦                                                 (6) 

 

𝜒 =  
1

∅+[∅2− 𝜆2]0.5
     𝑏𝑢𝑡 𝜒 ≤ 1.0                                   (7) 

 

�̅� = √
𝐴𝑓𝑦

𝑁𝑐𝑟
                                                      (8) 

 

𝑁𝑐𝑟 =  
𝜋2𝐸𝐼

𝐿𝑐
2                                                     (9) 

Sections E3 & E4 of AISC: 360-16 [26] were used for determining the 

flexural buckling & Torsional and Flexural-Torsional buckling capacities of 

section respectively. The procedure available in E6 was followed to determine 

the modified slenderness ratio for built-up cruciforms. 

 

𝑃𝑛 =  𝐹𝑐𝑟𝐴𝑔                                                    (10) 

 

Flexural Buckling Strength 

 

𝐹𝑐𝑟 =  (0.658
𝐹𝑦

𝐹𝑒 ) 𝐹𝑦                                            (11) 

 

𝐹𝑒 =
𝜋2𝐸

(
𝐿𝑐
𝑟

)
2                                                    (12) 

 

Modified slenderness ratio for built-up section, Ki considered as 0.86. 

 

(
𝐿𝑐

𝑟
)

𝑚
= √(

𝐾𝑖𝑎

𝑟𝑖
)

2

+ (
𝐿𝑐

𝑟
)

𝑜

2

                                       (13) 
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Torsional and Flexural-Torsional buckling strength 

 

𝐹𝑒 = (
𝜋2𝐸𝐶𝑤

𝐿𝑐𝑧
2 + 𝐺𝐽)

1

𝐼𝑥+𝐼𝑦
                                         (14) 

 

The effective length factor (K) for the codal predictions was taken as 0.85, 

due to absence of degree of restraint properties for coping kind of support con-

dition, the K value was decided based on the deformed shape of bi-angled cru-

ciform experimental specimens. For the determination of effective slenderness 

ratio, radius of gyration about the minor principle axis (rvv) was used since the 

buckling (Fig. 10 and Fig. 12) for both single and bi-angled cruciform was ob-

served about minor principle axis. 

Table 2 shows that experimental and numerical results of single angles are 

close to the Codal predictions of IS [30] and Euro [31] code. The capacity pre-

dicted by AISC code [26] is higher than that of the other two codes. Codal ca-

pacity (using the flexural buckling specifications with respect to IS & Euro 

codes) for 100 & 120 slenderness cruciform were unconservative in comparison 

to experimental and numerical capacity. Codal capacity (with Flexural-Tor-

sional Buckling) in accordance with AISC specifications were in better agree-

ment with numerical capacity for 100 & 120 slenderness specimens. Codal flex-

ural buckling capacities obtained through IS and Euro codes are similar, since 

the codal expressions in both codes are identical.

 

Table 2 

Comparison of Experimental -Numerical-Analytical Results for Experimental Specimens 

S. No Name of Model 

Capacity of Section (kN) 

Experimental Numerical 
Analytical 

IS Code [30] Euro [31] AISC [26] 

1 SR80-SA-Num  109.04 107 108.55 (F) 108.55 (F) 121.3 (F) 

2 SR100-SA-Num 100.1 95.8 95.4 (F) 95.4 (F) 108.82 (F) 

3 SR120-SA-Num 75.072 81.7 77.7 (F) 77.7 (F) 95.21 (F) 

4 SR80-BAC-Num 188.237 186.87 180.1 (F) 180.15 (F) 177.55 (TF) 

5 SR100-BAC-Num 171.1 169.26 - - - 

6 SR100-BAC-Im-Num - 133.22 145 (F) 145.03 (F) 136.46 (TF) 

7 SR120-BAC-Num 81.81 82.47 - - - 

8 SR120-BAC-Im-Num - 97.271 111.8 (F) 111.8 (F) 97.04 (TF) 

 

4.4. Parametric study 

 
The parameters varied are: (a) Slenderness ratio – 80, 100 & 120; (b) Spac-

ing of connectors – according to AISC specifications, spacing equal to (¾)L 

times the ratio of rmin of single angle to Bi-Angled cruciform section and L times 

the ratio of rmin of single angle to Bi-Angled cruciform section, where L is length 

of full section; (c) Number of bolts per connector – 4 & 6; (d) Width to thickness 

ratio (represented as Wt.R) of angle section – 6.7, 10 & 15. Fig. 19 shows, spec-

imens with different spacing of connectors and number of bolts per connector 

used in the parametric study. A total of thirty-six models were thus developed 

and analyzed to figure out the influence of the considered parameters on capac-

ity and load sharing rate. The list of various models along with their capacities 

obtained from codal predictions and numerical are mentioned in the Table 3.

 
Table 3 

Consolidated Results for all Parametric models 

S.No Model 
L 

(mm) 

Theoretical Capacity in kN 
Avg 

Stress 

in MPa 

Num-Cap 

(kN) 

Axial 

Stiffness  

(kN/mm) 

IS Code Euro Code AISC 360-16 

FB FB FB TFB 

1 SR80-TFS-4B-Wt.R.6.7 1200 180.1 180.2 212.9 177.6 200 186.8 (F) 122.77 

2 SR80-TFS-4B-Wt.R.10 1552 191.1 191.1 226.4 190.9 215 191.2 (F) 104.93 

3 SR80-TFS-4B-Wt.R.15 2368 291.7 291.6 354.5 288.6 325 274.4 (F) 96.25 

4 SR80-TFS-6B-Wt.R.6.7 1200 180.1 180.2 212.9 177.6 200 190.8 (F) 124.75 

5 SR80-TFS-6B-Wt.R.10 1552 191.1 191.1 226.4 190.9 215 195.6 (F) 105.68 

6 SR80-TFS-6B-Wt.R.15 2368 291.7 291.6 354.5 288.6 325 290.8 (F) 105.84 

7 SR80-S-4B-Wt.R.6.7 1200 180.1 180.2 212.9 154.2 173.6 172.9 (F) 119.58 

8 SR80-S-4B-Wt.R.10 1552 191.1 191.1 226.4 164.8 185.6 171.5 (F) 96.8 

9 SR80-S-4B-Wt.R.15 2368 291.7 291.6 354.5 248.5 279.8 264.2 (F) 93.85 

10 SR80-S-6B-Wt.R.6.7 1200 180.1 180.2 212.9 154.2 173.6 176.8 (F) 121.76 

11 SR80-S-6B-Wt.R.10 1552 191.1 191.1 226.4 164.8 185.6 187.7 (F) 102.91 

12 SR80-S-6B-Wt.R.15 2368 291.7 291.6 354.5 248.5 279.8 271.9 (F) 101.57 

13 SR100-TFS-4B-Wt.R.6.7 1500 145 145 181.3 136.5 143.7 133.2 (F) 95.61 

14 SR100-TFS-4B-Wt.R.10 1940 150.2 150.7 192.1 143.7 151.3 154.1 (F) 78.41 

15 SR100-TFS-4B-Wt.R.15 2960 229.9 229.7 293.1 211.2 222.3 228.9 (F) 78.01 

16 SR100-TFS-6B-Wt.R.6.7 1500 145 145 181.3 136.5 143.7 144.7 (F) 98.79 

17 SR100-TFS-6B-Wt.R.10 1940 150.2 150.7 192.1 143.7 151.3 166.6 (F) 81.611 

18 SR100-TFS-6B-Wt.R.15 2960 229.9 229.7 293.1 211.2 222.3 240.8 (F) 82.17 

19 SR100-S-4B-Wt.R.6.7 1500 145 145 181.3 106.9 112.5 123.4 (F) 92.89 

20 SR100-S-4B-Wt.R.10 1940 150.2 150.7 192.1 112.6 118.5 139.8 (F) 77.19 
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21 SR100-S-4B-Wt.R.15 2960 229.9 229.7 293.1 169.2 178.1 211.1 (F) 76.12 

22 SR100-S-6B-Wt.R.6.7 1500 145 145 181.3 106.9 112.5 137.4 (F) 96.002 

23 SR100-S-6B-Wt.R.10 1940 150.2 150.7 192.1 112.6 118.5 142.4 (F) 81.02 

24 SR100-S-6B-Wt.R.15 2960 229.9 229.7 293.1 169.2 178.1 217.1 (F) 81.32 

25 SR120-TFS-4B-Wt.R.6.7 1800 111.8 111.9 141.7 97.04 66.9 97.2 (TF) 77.29 

26 SR120-TFS-4B-Wt.R.10 2328 118.1 118.1 149.6 99.49 68.6 104.1 (TF) 62.42 

27 SR120-TFS-4B-Wt.R.15 3552 180.2 180.1 228.2 144.9 99.9 161.0 (TF) 61.25 

28 SR120-TFS-6B-Wt.R.6.7 1800 111.8 111.9 141.7 97.04 66.9 106.2 (TF) 81.45 

29 SR120-TFS-6B-Wt.R.10 2328 118.1 118.1 149.6 99.49 68.6 109.9 (TF) 65.02 

30 SR120-TFS-6B-Wt.R.15 3552 180.2 180.1 228.2 144.9 99.9 167.4 (TF) 65.74 

31 SR120-S-4B-Wt.R.6.7 1800 111.8 111.9 141.7 68.57 47.3 96.0 (TF) 76.73 

32 SR120-S-4B-Wt.R.10 2328 118.1 118.1 149.6 70.9 48.9 96.7 (TF) 61.33 

33 SR120-S-4B-Wt.R.15 3552 180.2 180.1 228.2 106.4 73.4 152.1 (TF) 59.93 

34 SR120-S-6B-Wt.R.6.7 1800 111.8 111.9 141.7 68.57 47.3 100.6 (TF) 79.221 

35 SR120-S-6B-Wt.R.10 2328 118.1 118.1 149.6 70.9 48.9 100.9 (TF) 64.25 

36 SR120-S-6B-Wt.R.15 3552 180.2 180.1 228.2 106.4 73.4 156.2 (TF) 64.89 

Wt.R - Width/Thickness Ratio; for Wt.R 6.7 ISA40X40X6, Wt.R 10 ISA 50X50X5, Wt.R 15 ISA 75X75X5 were used; TFS - (3/4)*Spacing & S - Spacing (S); 4B - 4 Bolts per each 

cleat angle, 6B - 6 Bolts per each cleat angle; L – Length of the model; C/C-C – Centre to Centre of connectors. 

 

From Fig. 20 (a) to Fig. 20 (c) it is seen that the load vs lateral displacement 

behavior varies with spacing of connectors as well as the number of bolts per 

connector. For any slenderness ratio and width to thickness ratio of 6.7, sections 

with TFS (3/4 spacing) and six bolts per connector takes highest load due to low 

slenderness ratio of each segment and longer load transfer path. The effect of 

width to thickness ratio is depicted in Fig. 20 (d) which shows the stress vs 

lateral displacement for the SR80 specimen with TFS (3/4 spacing) and four 

bolts per connector at various width to thickness ratios. It clearly seen that the 

stiffness of model decreases with the increase in the width to thickness ratio 

since stiffness of individual angle leg tends to reduce with increasing width to 

thickness ratio, leading to reduction in the overall stiffness of the section.

 

 

Fig. 19 (a) Various Cruciform sections in parametric study; (a) (¾)S with 4 bolts per connector, (b) “S” with 4 bolts per connector, (c) (¾)S with 6 bolts per connector, (d) “S” with 6 bolts 

per connector 
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Fig. 20 (a) Load vs Lateral Displacement for 80 Slender and width to thickness ratio of 6.7; (b) Load vs Lateral Displacement for 100 Slender and width to thickness ratio of 6.7; (c) Load 

vs Lateral Displacement for 120 Slender and Wt.R6.7; (d) Stress vs Lateral Displacement for SR80 with various width to thickness ratios 

 
Table 3 also shows the axial stiffness (kN/mm) for all parametric study 

models. For specimens of same slenderness, compared to other parameters, it 

was noticed from the results that the axial stiffness is highly influenced by var-

iation in width to thickness ratio. As an example, for SR80-TFS-4B model and 

width to thickness ratio of 6.7, stiffness is 122.77 kN/mm whereas it reduces to 

104.93 kN/mm and 96.25 kN/mm for width to thickness ratio of 10 and width 

to thickness ratio of 15 respectively. There is slight reduction in the stiffness 

observed for any model when spacing of connectors increased from TFS (¾ S) 

to S, and slight increase in stiffness when number bolted increased from 4 to 6. 

Axial stiffness of models with TFS-4B-Wt.R6.7 reduces from 122.77 kN/mm 

for SR80 to 95.61 kN/mm for SR100 and its further reduces to 77.29 for SR120, 

showing that slenderness ratio influences the axial stiffness considerably. 

 

4.5. Load sharing rate 

 

One of the major objectives of study was to investigate the load transferring 

mechanism from the Existing Member (EM) to Reinforcing Member (RM) 

through the cleat angles. The stress transmission from EM to RM is clearly ob-

served from Fig. 21 in the axial direction for all cruciform specimens. All fig-

ures show EM on the right hand side and RM on the left hand side. It is clearly 

visible that stress in EM reduces from top to bottom, whereas for RM it in-

creases. It is observed that the high stress which is present in the top segment of 

EM (Fig. 21) reduces with increase in the slenderness ratio, which is due to 

reduction in the capacity of the specimen with increase in slenderness ratio. The 

three rows in Fig. 22 show the cross-sectional stress variation among the EM 

and RM at mid-height of each segment for SR 80, SR 100 and SR 120 for width 

to thickness ratio of 6.7.  

Field output values by probing S33 (in axial direction) was extracted for 

every element at the mid height cross section of each segment and then multi-

plied by the element cross-sectional area which provides the total load at the 

cross-section in a particular member (EM or RM). As an example, for 80SR-

TFS-4B-Wt6.7, the load sharing details are mentioned in Table 4. The load shar-

ing at the bottom segment is of utmost interest for practical purpose, hence Ta-

ble 5, Table 6 and Table 7 show the consolidated load sharing only at the bottom 

segment of all specimens of 80SR, 100SR and 120SR respectively. 

 

4.5.1. Effect of connector spacing on load sharing 

From Fig. 23 it is clear that, for models with same slenderness ratio and 

number of bolts per connector, there is a reduction in percentage of load trans-

ferring from EM to RM in models with connector spacing of S when compared 

with TFS (3/4 Spacing). Percentage reduction of load sharing for models with 

spacing S varies from an average of 19.9% to a maximum of 29.9%.  The in-

dividual segments slenderness ratio is high in the models with spacing S, when 

compared with the models with TFS, which is the plausible reason for less load 

transferring in models with spacing S. 

 
Fig. 21 Variation of Stresses in the EM & RM in longitudinal direction (a) SR80; (b) 

SR100; (c) SR120 
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4.5.2. Effect of bolts per connector on load sharing 

There is a considerable influence of the number of bolts per connector in 

the load sharing between the EM and RM. This can be observed in Fig. 23 by 

comparing any two bar columns with different bolts per connector and all other 

parameters same. There is an average increase of 19.29% to maximum of 35.7% 

of load sharing happens in models with 6B (six bolts per connector) than com-

pared to models with 4B (four bolts per connector). The cumulative intensity of 

bolt pre-tension force is more in models with 6B, which establishes a greater 

bearing resistance between the EM and RM than models with 4B, which may 

lead to higher load sharing for 6B models. 

4.5.3. Effect of slenderness ratio on load sharing 

It is clear from Fig. 23 that for any combination of parameters with increase 

in slenderness ratio load sharing reduces. Average of 6.52% to a maximum of 

12.8% reduction in load sharing for 100 slenderness specimens observed com-

pared to 80 slender specimens. It is about 28.2% average to 35.06% maximum 

for 120 slenderness compared to 100 slenderness specimens. SR120 specimen’s 

flexural torsional type of failure which differs from failure mode of SR80 and 

SR100 (Flexural mode) causes the lower load sharing rate. In addition, segmen-

tal slenderness ratio for SR120 specimen is higher than in other two specimens.

 

Table 4 

Load Sharing of 80SR-TFS-4B-Wt6.7 (80SR Exp) 

Location @mm 

Load 

Percentage of Load in RM 

Existing Member (EM) Reinforcing Member (RM) 

Top of EM 185.33   

Top Segment @ 305 142.86 43.52 23.35% 

Middle Segment @755 122.06 65.08 34.78% 

Bottom Segment @1055 83.43 102.03 55.02% 

 

Table 5 

Load Sharing between the EM & RM at Mid height of last segment for 80SR specimens 

S. No Model Total Capacity in kN 

Load Sharing in kN 

Percentage of Load in RM Existing Member  

(EM) 
Reinforcing Member (RM) 

1 80SR-TFS-4B- Wt.R.6.7 186.87 83.43 102.03 54.60% 

2  80SR-TFS-6B-Wt.R.6.7 190.89 76.56 114.14 59.90% 

3 80SR-S-4B-Wt.R.6.7 172.93 99.13 73.61 42.57% 

4 80SR-S-6B-Wt.R.6.7 176.869 92.75 83.40 47.15% 

5 80SR-TFS-4B-Wt.R.10 191.23 99.67 91.19 47.68% 

6 80SR-TFS-6B-Wt.R.10 195.648 94.79 98.70 50.45% 

7 80SR-S-4B-Wt.R.10 171.55 113.38 60.52 35.28% 

8 80SR-S-6B-Wt.R.10 187.74 108.90 80.92 43.10% 

9 80SR-TFS-4B-Wt.R.15 274.478 167.00 107.72 39.25% 

10 80SR-TFS-6B-Wt.R.15 290.852 153.07 136.91 47.07% 

11 80SR-S-4B-Wt.R.15 264.242 188.32 73.33 28.97% 

12 80SR-S-6B-Wt.R.15 271.954 168.59 102.43 37.66% 

 

Table 6 

Load Sharing between the EM & RM at Mid height of last segment for 100SR specimens 

S. No Model Total Capacity in kN 

Load Sharing in kN 
Percentage of Load in 

RM Existing Member  

(EM) 

Reinforcing Member  

(RM) 

1 SR100-TFS-4B-Wt.R.6.7 133.22 67.46 67.70 50.82% 

2 SR100-TFS-6B-Wt.R.6.7 144.78 61.53 82.90 57.40% 

3 SR100-S-4B-Wt.R.6.7 123.45 74.46 47.35 38.36% 

4 SR100-S-6B-Wt.R.6.7 137.415 74.57 64.01 46.58% 

5 100SR-TFS-4B-Wt.R.10 154.197 84.07 68.76 44.59% 

6 100SR-TFS-6B-Wt.R.10 166.695 87.55 77.96 46.77% 

7 100SR-S-4B-Wt.R.10 139.83 91.73 47.23 33.78% 

8 100SR-S-6B-Wt.R.10 142.483 84.78 56.41 39.59% 

9 100SR-TFS-4B-Wt.R.15 228.616 142.61 83.67 36.60% 

10 100SR-TFS-6B-Wt.R.15 240.884 133.70 106.54 44.23% 

11 100SR-S-4B-Wt.R.15 211.164 149.24 61.18 27.75% 

12 100SR-S-6B-Wt.R.15 217.104 145.38 71.30 32.84% 

 

4.5.4. Effect of width to thickness ratio on load sharing: 

From the results, it is found that for any slenderness ratio there is consider-

able reduction in the load sharing rate with increase in the width to thickness 

ratio of the angle legs. For example in case of SR80 with TFS spacing and 4B 

connectors for Wt.R 6.7 the load sharing rate is 55.02% where for the Wt.R 15 

load sharing is 39.12%. From Fig. 23 for any set of other constant parameters 
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with increase in width to thickness ratio from 6.7 to 10, it was observed that 

average of 14.45% to maximum of 22.31% reduction in load sharing happened. 

Similarly, for width to thickness ratio of 10 to 15 there is 14.06% average to 

21.34% reduction in load sharing can be seen. 

 

Table 7 

Load Sharing between the EM & RM at Mid height of last segment for 120SR specimens 

S. No Model Total Capacity in kN 

Load Sharing in kN 
Percentage of Load in 

RM Existing Member  

(EM) 

Reinforcing Member  

(RM) 

1 120SR-TFS-4B-Wt.R 6.7 97.271 63.20 33.84 34.79% 

2 120SR-TFS-6B-Wt.R.6.7 106.247 63.20 44.25 41.65% 

3 120SR-S-4B-Wt.R.6.7 96.053 70.25 26.74 27.84% 

4 120SR-S-6B-Wt.R.6.7 100.644 64.37 33.89 33.67% 

5 120SR-TFS-4B-Wt.R.10 104.124 73.23 30.15 28.96% 

6 120SR-TFS-6B-Wt.R.10 109.995 69.84 39.24 35.67% 

7 120SR-S-4B-Wt.R.10 96.724 75.75 22.09 22.84% 

8 120SR-S-6B-Wt.R.10 100.922 68.87 30.98 30.69% 

9 120SR-TFS-4B-Wt.R.15 161.034 121.43 38.64 23.99% 

10 120SR-TFS-6B-Wt.R.15 167.419 118.56 48.43 28.93% 

11 120SR-S-4B-Wt.R.15 152.144 119.93 32.04 21.06% 

12 120SR-S-6B-Wt.R.15 156.259 107.00 42.27 27.05% 

 

 
Fig. 22 Stress distribution in between EM & RM at various cross – sections top to bottom (left to right) for Wt.R.6.7; (a) to (d) – SR80-TFS-4B; (e) to (h) – SR100-TFS-4B; (i) to (l) – 

SR120-TFS-4B 
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Fig. 23 Variation of Percentage of Load Carrying by RM with Various Slenderness Ratio 

 

5.  Conclusions 

 

In the present study, the behavior of Bi-Angled Cruciform (BAC) sections 

made by connecting two angle sections vertex to vertex were tested for three 

different slenderness ratio (80, 100 and 120) under compression through one 

angle. Numerical models developed in ABAQUS were validated with the 

experimental results followed by a parametric study with 36 models to 

investigate the effect of various parameters, namely, slenderness ratio, spacing 

of connectors, number of bolts per connector and width to thickness ratio. The 

experimental and numerical capacities were also compared with codal 

predictions using Indian Standard, Euro Code and AISC specifications. The 

load sharing between the EM and RM is the key result to show the application 

of the retrofit arrangement. The following conclusions can be drawn: 

 

i. These bi-angled cruciform provide 20% to 83% increase in capacity as 

single angles of same slenderness as against 100% increase expected 

theoretically. The increase percentage decreases with overall specimen 

slenderness. However, this increase in capacity shows that the cruciform 

arrangement is capable as a quick in-situ solution for intervention.  

ii. The experiment (SR100-BAC) where the top loading plate attained 

contact with RM shows that there is a significant difference in capacity 

(21%) in comparison with cruciform loaded through the centroid of EM 

which transfer loads via the connectors to RM. This difference is not 

significant at lower slenderness (SR80). 

iii. All models of SR80 and SR100 failed by flexural buckling while SR120 

models fail in flexural-torsional mode. Consequently, IS and Euro code 

prediction were close to the numerically obtained values when using 

flexural buckling equation. The AISC code which contains a slenderness 

factor (Ki) for built-up sections over predicts the flexural buckling 

capacity. 

iv. From the diagrams, the transfer of load from EM to RM is shown to be 

more efficient in cruciform arrangement for lower slenderness. For higher 

slenderness, improvements can be obtained with more fasteners per 

connection and/or lower inter-connection spacing. The load-sharing rate 

ranges from 20% in the top segments to up to 50% at the bottom most 

segments highlighting the importance of the connection arrangements in 

achieving the required load sharing.  

v. From the conducted parametric study results, the influence of parameters 

can be ranked in descending order as follows: overall slenderness, angle 

leg width to thickness ratio, spacing of connectors and lastly, bolts per 

connector. On overall load sharing in SR120 specimens is only 35%, and 

width to thickness ratio 15 leads to sharing rate as low as 22%. Therefore, 

these parameters can be chosen carefully to achieve efficient load transfer 

in the built-up cruciform for the retrofit. 

vi. The ideal load sharing rate in any retrofitting technique is 50% each in 

Existing Member (EM) and Reinforcing Member (RM). From the results 

it is seen that this is achieved only at lower slenderness ratio (80) and low 

width to thickness ratio (6.7) and when employing TFS-spacing for con-

nectors. The load share in the RM falls below 50% at the same slender-

ness ratio when the connector spacing is S. For the two higher slenderness 

ratios (100 and 120) the load share in RM does not reach 50% for any 

case, even though in all cases the TFS-spacing resulted in the higher load 

share in RM. Therefore AISC 360-16 [26] recommendation pertaining to 

maximum connector spacing shall be followed in order to achieve the 

maximum possible load share in RM, though this will not always result 

in 50% load share. 

Consideration of the preload in Existing Member (EM) before addition of 

the Reinforcing Member (RM) and influence of the preload on the overall built-

up section can be taken as future scope of research.

 

Nomenclature 

 

SA Single Angle 
 

fy Characteristic yield stress (IS 800) 

BAC Bi-Angled Cruciform section 
 

λ non-dimensional effective slenderness ratio (IS 800) 

SR 80 Slenderness Ratio of 80, Similarly for SR100 and SR 120 
 

α Imperfection factor (IS 800 & EN 1993-1-1:2005) 

TFS Center to center connector spacing equal to “(¾)*L times 

the ratio of rmin of single angle to Bi-Angled cruciform sec-

tion” 

 
Nb, Rd Design buckling resistance of compression member (EN 1993-1-

1:2005) 

S Center to center connector spacing equal to “L times the 

ratio of rmin of single angle to Bi-Angled cruciform sec-

tion” 

 
χ Reduction factor (EN 1993-1-1:2005) 
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4B 4 Bolts per one angle cleat 
  

Non-dimensional slenderness (EN 1993-1-1:2005) 

6B 6 Bolts per one angle cleat 
 

Ncr Elastic critical force (EN 1993-1-1:2005) 

Wt.R 6.7 Width to thickness ratio of 6.7 for angle, similarly Wt.R 10 

and Wt.R 16 

 
Lc Effective Length (EN 1993-1-1:2005) 

A Cross-sectional area of SA or BAC 
 

I Moment of Inertia (EN 1993-1-1:2005) 

Ix/Iy Moment of Inertia about x-x axis/y-y axis 
 

Pn Nominal axial strength (AISC 360-16) 

Ixy Product of Inertia 
 

Fcr Critical stress (AISC 360-16) 

Imin Minimum moment of Inertia 
 

Ag Gross area of member (AISC 360-16) 

rmin Minimum radius of gyration 
 

Fy Specified minimum yield stress (AISC 360-16) 

SR Slenderness Ratio 
 

Fe Elastic buckling stress (AISC 360-16) 

L Length of SA/BAC specimens 
 

(Lc/r)m Modified slenderness ratio for built-up section (AISC 360-16) 

Pd Design compressive strength (IS 800) 
 

Cw Warping Constant (AISC 360-16) 

Ae effective sectional area (IS 800) 
 

Lcz Effective length of member for buckling about longitudinal axis 

(AISC 360-16)  
fcd Design compressive stress (IS 800) 
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