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Abstract 

In recent years hinged walls have been implemented as a retrofit technique for existing RC 

buildings. To investigate the effectiveness of the proposed solution on different frame typolo-

gies, non-linear 2D pushover analyses have been carried out. Two main configurations were 

adopted, representing an inner frame with weak beams and strong columns and a side frame 

with strong beams and weak columns, respectively. The study shows that some computational 

aspects are of fundamental importance in providing reliable results, namely: the dead load 

distribution on the beams and the moment-axial force interaction in the columns. The hinged 

wall technique proves to be an effective retrofit solution only if conceived properly for each 

structural typology; whilst in some cases it may be detrimental when applied in the traditional 

way. Some new configurations are herein proposed based on new connection layouts in order 

to be suitable for the different typologies of existing RC frames. 
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1 INTRODUCTION 

The poor state of conservation of the building heritage requires a deep renovation action, 

considering that 40% of it has already exhausted its nominal service life, and most of existing 

buildings are obsolete and vulnerable to seismic actions. In detail, the post Second World War 

reinforced concrete heritage represents the 60% of such building stock (Belleri & Marini, 

2016 [1]; Marini et al., 2017 [2]; Labò et al., 2017 [3]; Belleri et al., 2016 [4]; Feroldi et al., 

2013 [5]). Those buildings are typically multi-storey structures, featuring one-way reinforced 

concrete (RC) frames, designed for gravity loads, with inadequate structural details. These 

features highly contribute to increase their seismic vulnerability, which is typically associated 

with the possible onset of soft-storey mechanisms or brittle failure of short columns. Hinged 

walls represent a possible retrofit solution, aiming at linearizing the deformation of the frame 

along its height (Mac Rae et al., 2004 [6]). Such linearization entails a more uniform defor-

mation demand in frame stories and thus a more predictable damage pattern. The proposed 

system can be used both in existing and new structures: it can be connected to the existing 

building from outside, or even some existing elements can be adapted to this function, for ex-

ample the stairwell walls. In the last few years, application of hinged walls from outside as 

retrofit solution has increased (Wada et al., 2011 [7]; Gioiella et al., 2017 [8]), and it could be 

even more widely used in the future. The present paper investigates the suitability of hinged 

wall solution in the seismic retrofit of existing RC buildings. In particular, the role of the 

beam-column capacity ratio and the number of effective links are investigated by means of 

nonlinear static analyses. 

2 APPLICATION TO AN EXISTING BUILDING 

Since the application of hinged walls in existing buildings as a retrofit solution is getting 

attention worldwide, the weaknesses and the possible beneficial effects of their application 

need to be further investigated. On the whole, hinged walls are conceived as external walls 

connected to the existing building by means of links at each floor level; the wall is usually 

designed to remain in the elastic field during a target seismic event. The crucial difference 

between the proposed solution and the more widespread rocking wall is the presence of an 

explicit pinned constraint at the base, which allows to reduce the bending moment transferred 

to the foundation. In the following, the hinged wall is implemented in some typical configura-

tions of RC existing buildings, represented by 2D frames. 

2.1 Design of the existing building 

For the sake of simplicity, the reference frame is assumed to be regular both in plant and 

elevation. The geometrical scheme of the frame is represented in Figure 1; geometrical and 

mechanical characteristics of beams and columns are assumed to be homogeneous along the 

height of the building. A concrete cylindrical strength of 30MPa and steel yielding stress of 

450MPa are assumed. The frame has five floors and five bays, with a total dimension and 

height of 22.5 m and 15 m, respectively. In existing buildings, two main structural configura-

tions are generally possible: a frame with weak beams and strong columns or a frame with 

strong beams and weak column. Here, the inner longitudinal frame (case A) and the side (case 

B) longitudinal frame of a building are analysed to describe the aforementioned typologies, 

respectively. The structural elements are designed according to the Italian building code en-

forced in the ‘60s, with reference to the “admissible stresses method”. Structural details such 

as main dimensions, and bottom (Asb) and top (Ast) rebar are reported in Table 1 and Table 2. 

Once the two principal configurations have been defined, two more frames are modelled 

fostering their characteristics to obtain a frame with very weak beams and very strong col-
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umns (case C) and the opposite (case D). This further investigation allows a better under-

standing of the influence of the frame configuration on the response of the retrofitted building. 

So, the four models used in the following analyses are: 

• CASE A: Existing inner frame: weak beams, strong columns 

• CASE B: Existing side frame: strong beams, weak columns 

• CASE C: Modified inner frame: weak beams, strong columns 

• CASE D: Modified side frame: strong beams, weak columns 

 

Figure 1: 2D Frame geometrical configuration (dimensions in cm) 

In order to understand the influence of the beams and columns capacity, the “nodal ratios” are 

computed for each frame type, as the ratio between the sum of the ultimate resisting moment 

of the beams and the sum of the ultimate resisting moment of the columns converging in a 

node (Table 3). Given the layout of the nodes, the mean nodal ratio is calculated for each floor. 

Table 1: Reinforcement of beams 

BEAM DETAILS Beam end Beam centre 

CASE b (cm) h (cm) c (cm) Asb Asu Stirrups Asb Asu Stirrups 

A 80 24 3 3φ16 9φ16 φ 10/10 cm 6φ16 3φ16 φ 10/250 cm 

B 30 35 3 3φ16 4φ16 φ 10/10 cm 3φ16 3φ16 φ 10/250 cm 

C 80 24 3 3φ16 6φ16 φ 10/10 cm 4φ16 3φ16 φ 10/250 cm 

D 30 50 3 3φ16 4φ16 φ 10/10 cm 3φ16 3φ16 φ 10/250 cm 

Table 2: Reinforcement of columns  

CASE b (cm) h (cm) c (cm) Asb Asu Stirrups 

A 30 30 3 2φ16 2φ16 φ 8/30 cm 

B 30 30 3 2φ16 2φ16 φ 8/30 cm 

C 30 30 3 2φ20 2φ20 φ 8/30 cm 

D 30 30 3 2φ16 2φ16 φ 8/30 cm 
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Table 3: Nodal Ratios 

CASE FLOOR 1 FLOOR 2 FLOOR 3 FLOOR 4 FLOOR 5 

A 0.75 0.80 0.92 1.12 2.57 

B 0.77 0.86 0.98 1.17 2.60 

C 0.45 0.48 0.53 0.62 1.38 

D 1.13 1.26 1.44 1.71 3.82 

 

Concerning the static loads on the structure, a permanent structural and non-structural load (4 

kN/m2 and 2 kN/m2, respectively) and a live load of 2 kN/m2 are considered. In addition, a 

linear load of 6 kN/m has been included in the side frame to account for perimetral infills. The 

actual stiffness of beams and columns has been reduced to 50% and 70% of the initial value 

respectively, to account for concrete cracking. The structure has been modelled trough the 

software MidasGEN [9]. 

2.2 Design of the retrofit intervention 

The analysis of the effects of hinged wall solution is the main objective of the present 

study. Typically, the main design parameter for hinged walls is the stiffness required to linear-

ize the deformation of the frame along its height. A hinged wall to frame storey lateral stiff-

ness ratio is identified as α (1): 

 
3

w w
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E J

K H
 =  (1) 

where the H is the structure total height, Ks is the frame storey approximate lateral stiffness, 

Ew and Jw are the Young modulus and the moment of inertia of the hinged wall, respectively. 

Previous studies (Mac Rae et al., 2004 [6]) have demonstrated that α equal to 0.1 is the opti-

mal value required to linearize the frame deformation; beyond such value, there is no benefi-

cial effects from increasing the dimensions of the wall. Concerning the estimation of the 

frame storey lateral stiffness, the approximated method proposed by Schultz, 1992 [10] has 

been adopted. The method was derived for regular frames, fixed at the base, and accounting 

only for flexural deformations. The following simplified expression is used in the present 

study: 
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where hc is the storey height, ∑kc the sum of the stiffness of the column in a given storey, 

∑kga and ∑kgb the sum of the flexural stiffness of the girders framing into the joint above and 

below the columns, respectively. The stiffness of each member (column or girder) is assumed 

as k=EJ/L. So, the hinged wall moment of inertia can be obtained from the former definition 

of the ratio α (1); then, the ratio between the wall dimensions is assumed herein as b=0.15h 

and the height of the wall section is calculated (3). The dimensions of the hinged walls for the 

four frames are summarized in Table 4. 

 4
12

0.15

wJ
h =  (3) 
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Table 4: Hinged wall dimensions required to linearize the frame deformation 

 

 

 

 

3 COMPUTATIONAL ISSUES 

The nonlinear static (pushover) analyses carried out on the frames have shown significant 

results concerning some computational aspects of the modelled frames. In particular, it is im-

portant to include the distributed loads on the beams and to account for the moment-axial 

forces interaction in the columns to capture the global system performance. In addition, con-

necting the hinged wall at each floor is not always beneficial. 

3.1 Columns Design and Load distribution 

The frame described in case A is here implemented to explain some relevant computational 

aspects: the analyses carried out show how the building modelling affects the response of the 

structure. In detail, it is important to take into account the actual distribution of the gravity 

loads on the beams: indeed, the distribution of gravity loads produces an initial rotation at the 

beam ends, which can significantly reduce the residual deformation capacity of the retrofitted 

building. The hinged wall, aiming at linearizing the deformation of the building along its 

height, produces an additional large rotation in the beams and may cause the premature beam 

failure. Besides, lumping the distributed loads into point loads applied at the nodes produces 

an overestimation of the system deformation capacity. Such results are summarized in Figure 

2 and Figure 3, where the base shear-displacement graph for each modelled frame is reported.  

The other crucial aspect to be considered is the appropriate definition of the axial-flexural 

interaction for RC columns. When considering such interaction (PM_int), a substantial in-

crease in the capacity of the building is recorded; it is worth noting that the detrimental effect 

highlighted before (i.e. when distributing the gravity loads on the beams) is observed only 

when such interaction is considered.  

The beneficial effect of the hinged wall application can be seen as an increase in both ca-

pacity and moreover ductility of the retrofitted system, while the opposite effects are consid-

ered to be detrimental. For instance, in Figure 2 it is clear that for the same structure, the 

hinged wall solution appears to be detrimental if considering the axial-flexural interaction 

(A_HW_PM_int) for columns and beneficial without considering it (A_HW_no_PM_int), 

with respect to the corresponding as-is case (corresponding dotted lines). At the same time, 

such detrimental effect is not detected when loads are modelled as point loads and lumped at 

the nodes (Figure 3): in this case, the hinged wall solution appears to be always beneficial, 

even though the only increase in ductility is detected by accounting for axial-flexural interac-

tion. 

So, in this specific case, it is possible to observe the detrimental effect for the system only 

when accounting for both the distributed loads on the beams and the axial-flexural interaction 

for the columns; beside the mentioned example, the results show that in any case the compu-

tational aspects need to be carefully defined in order to have a reliable estimation of the struc-

tural behaviour and so an optimal design of the retrofit solution. 

CASE b (cm) H (cm) 

A 27 180 

B 28 190 

C 27 180 

D 32 210 
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Figure 2: Models comparison in the case of distributed dead loads on the beams: A=Frame in Case A, 

HW=Hinged Wall as a retrofit solution, PM_int/no_PM_int = accounting or not for the Moment-Axial forces 

interaction in the columns. 

 

0

50

100

150

200

250

300

350

400

450

0 5 10 15 20 25 30

V
 [k

N
]

d [cm]

A_PM_int A_HW_PM_int A_no_PM_int A_HW_no_PM_int

CONCENTRATED LOADS AT NODES

 

Figure 3: Models comparison in the case of concentrated dead loads at the nodes: A=Frame in Case A, 

HW=Hinged Wall as a retrofit solution, PM_int/no_PM_int = accounting or not for the Moment-Axial forces 

interaction in the columns. 
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3.2 Links Configuration 

The previous results show that in some cases the high deformation demand due to the in-

troduction of the hinged wall can be critical for the structural elements. Each link controls the 

displacement of the associated storey, forcing the elements deformation.   

A possible solution is thus investigated by modifying the number and configuration of 

links along the building height. The results highlight the influence of the nodal ratios of the 

frames in the effectiveness of the retrofit solution. When dealing with a “weak beams – strong 

columns” frame type, the imposed displacement profile leads to a deformation demand for 

beams that is far larger than their capacity, leading to their premature failure. Such results are 

addressed herein. First, all the considered link configurations are shown in Figure 4, then the 

pushover curves are reported for each configuration and the behaviour of the frames before 

collapse highlighted (Figure 5 - Figure 12). 

 

Figure 4: Links configuration considered in the models 

The following graphs show the comparison between the retrofitted building response in the 

case of different configurations of the links for each frame type; the model “as is” represents 

the building before retrofit. The results show that the effectiveness of the traditional hinged 

wall solution (i.e. connecting the wall to the frame at each floor) is substantial in the case of 

“modified side frame”, while the adoption of hinged walls is detrimental in the case of the 

“modified inner frame”. This is associated with the linearization of the deformation along the 

height, which is particularly useful in the case of possible onset of soft storey mechanisms, 

and so in the case of strong beams and weak columns. Such linearization prevents the collapse 

of the columns in a soft storey mechanism. In the other cases, as explained before, the im-

posed linearization causes a rotation demand in some beams which exceeds their rotation ca-

pacity, and so a detrimental effect is observed.  

The nodal ratios of the frame stories seem to be closely related to the collapse behaviour of 

the different frames: the larger are the nodal ratios and the more effective is the application of 

the hinged wall in the traditional way, i.e. connected at each floor. For this reason, nodal rati-

os are relevant parameters to be investigated for the retrofit solution with hinged walls. 

To overcome the possible detrimental effects observed, different configurations of the links 

were investigated: for each frame type, the best solution was identified as the one that pro-

duced the highest deformation capacity of the system. 
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Figure 5: Comparison of pushover results for the frame C different configurations: M0 STEP 70 (7 cm) rep-

resents the hinge status result described in Figure 6. Optimal solution: Model 2. 

 

CASE C: MODIFIED INNER FRAME
 

Figure 6: Plastic hinge status result at the step before collapse of frame C in the case of Hinged Wall con-

nected at each floor – Model 0 STEP 70 (7 cm) in Figure 5. 
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Figure 7: Comparison of pushover results for the frame A different configurations: M0 STEP 140 (14 cm) 

represents the hinge status result described in Figure 8. Optimal solution: Model 3. 

 

CASE A: EXISTING INNER FRAME

 

Figure 8: Plastic hinge status result at the step before collapse of frame A in case of Hinged Wall connected 

at each floor – Model 0 STEP 140 (14 cm) in Figure 7. 

 

3014



Elena Casprini, Andrea Belleri, Chiara Passoni, Simone Labò, and Alessandra Marini 

0

50

100

150

200

250

300

350

400

450

0 5 10 15 20 25 30 35 40 45 50

V
 [k

N
]

d [cm]
Model AS IS Model 0 Model 1 Model 2
Model 3 Model 4 Model 5 MO STEP 310

CASE B: EXISTING SIDE FRAME

 

Figure 9: Comparison of pushover results for the frame B different configurations: M0 STEP 310 (31 cm) 

represents the hinge status result described in Figure 10. Optimal solution: Model 4. 

 

CASE B: EXISTING SIDE FRAME
 

Figure 10: Plastic hinge status result at the step before collapse of frame B in case of Hinged Wall connected 

at each floor – Model 0 STEP 310 (31 cm) in Figure 9. 
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Figure 11: Comparison of pushover results for the frame D different configurations: M0 STEP 290 (29 cm) 

represents the hinge status result described in Figure 12. Optimal solution: Model 0. 

 

CASE D: MODIFIED SIDE FRAME
 

Figure 12: Plastic hinge status result at the step before collapse of frame D in case of Hinged Wall connected 

at each floor – Model 0 STEP 290 (29 cm) in Figure 11. 
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4 CONCLUSIONS  

The use of hinged walls as retrofit intervention for RC buildings is getting attention 

worldwide for its low invasiveness and the possibility of carrying out the retrofit intervention 

form outside. Furthermore, the solution contributes in linearizing the deformation of the 

building along the height and does not require heavy works to the foundations. In this paper 

the effectiveness of such solution has been investigated trough nonlinear static analysis of 2D 

typical RC frames, considering various ratios of the beam-to-column capacity. Some compu-

tational aspects were emphasized: 

• Modelling dead loads as distributed loads applied to the beams, rather than as point 

loads lumped at the structure nodes, is crucial to enable the correct estimation of the 

beam ultimate rotation demand. 

• If the moment-axial load interaction is not considered in the RC columns, the effec-

tiveness of the hinged wall application may be overestimated and possible detrimental 

effects may not be detected. 

• The floor nodal ratio, that is the ratio between the beams and columns bending re-

sistance at each floor, seems to be quite relevant in order to identify the collapse 

mechanism of the existing building and therefore the efficiency of the hinged wall so-

lution. 

• Results show that in some cases the adoption of hinged walls may be detrimental of 

the structural response, if applied in the traditional way (i.e. connecting the wall at 

each floor). To overcome this drawback, different links configurations have been stud-

ied and proposed, in order to identify the optimal solution for each frame typology. 

REFERENCES 

[1] A. Belleri, A. Marini, Does seismic risk affect the environmental impact of existing 

buildings? Energy and Buildings, 110 (1), 149-158, 2016. 

[2] A. Marini, C. Passoni, A. Belleri, F. Feroldi, G. Metelli, M. Preti, E. Giuriani, P. Riva, 

G. Plizzari, Combining seismic retrofit with energy refurbishment for the sustainable 

renovation of RC buildings: a proof of concept. European Journal of Environmental 

and Civil Engineering, 10, 1080, 2017. DOI 19648189.2017.1363665 

[3] S. Labò, C. Passoni, A. Marini, A. Belleri, G. Camata, P. Riva, E. Spacone, Prefabricat-

ed responsive diagrids for holistic renovation of existing MID-RISE RC buildings. Pro-

ceedings of the 6th International Conference on Computational Methods in Structural 

Dynamics and Earthquake Engineering (COMPDYN 2017), 2, 4234-4244, 2017. 

[4] A. Belleri, C. Passoni, A. Marini P. Riva, Hinged-wall solutions for the structural 

strengthening of existing RC buildings. Fib Symposium 2016, Cape Town, South Afri-

ca, 21 – 23 November 2016.  

[5] F. Feroldi, A. Marini, B. Badiani, G. Plizzari, E. Giuriani, P. Riva, A. Belleri, Energy 

efficiency upgrading, architectural restyling and structural retrofit of modern buildings 

by means of “engineered” double skin façade. International Conference on Structures 

and Architecture, Guimaraes, Portugal, 24-26/07/2013. ISBN 978-0-415-66195-9. pp 

1859-1866 

3017



Elena Casprini, Andrea Belleri, Chiara Passoni, Simone Labò, and Alessandra Marini 

 

[6] G. MacRae, Y. Kimura, C. Roeder, Effect of Column Stiffness on Braced Frame Seis-

mic Behavior. Journal of Structural Engineering, 130 (3), 381-391, 2004. 

[7] A. Wada, Z. Qu, S. Motoyui, H. Sakata, Seismic retrofit of existing SRC frames using 

rocking walls and steel dampers. Frontiers of Architecture and Civil Engineering in 

China, 5 (3), 259-266, 2011. 

[8] L. Gioiella, A. Balducci, S. Carbonari, F. Gara, L. Dezi, An innovative seismic protec-

tion system for existing buildings: External dissipative towers. 16th World Conference 

on Earthquake Engineering (16WCEE 2017), Santiago, Chile, 2017. 

[9] Midas GEN, Analysis manual for Midas GEN. 

[10] A. E. Schultz, Approximating Lateral Stiffness of Stories in Elastic Frames. Journal of 

Structural Engineering, 118 (1), 243-263, 1992. 

3018


