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1 Introduction 

Since bridges constitute an irreplaceable portion of the in-

frastructural transport network, their preservation is fun-

damental from an economic, social and often historical 

point of view. A large number of European bridges has 

been in service for more than half a century and, during 

their lifetime, they have undergone significant increases of 

the traffic loads, as well as material degradation and dam-

age due to extreme events or slow deformation phenom-

ena. The assessment of the health state of bridges is 

therefore imperative to preserve their functionalities and 

optimize maintenance activities. 

In this framework, Structural Health Monitoring (SHM) 

strategies [1-5], based on the analysis of data collected 

by contact or contactless sensors, play a key role in the 

early detection of damage and evaluation of the current 

condition of the structures, and a multidisciplinary ap-

proach is fundamental to obtain heterogeneous and com-

plementary information. Recently, among the various 

technologies used for SHM purposes, Synthetic Aperture 

Radar Interferometry (InSAR) has emerged as a powerful 

tool for following the evolution of the movements of build-

ings and infrastructures [6-11]. InSAR techniques exploit 

data acquired by satellites orbiting at a distance from the 

Earth’s surface of more than 500 km and are especially 

suitable for monitoring slow deformations, due to the de-

pendence of the measurements on the revisit time of the 

satellite over the area of interest. Through InSAR it is pos-

sible to monitor a large number of infrastructures at rela-

tively low costs thanks to the coverage of wide regions 

without the need to install instrumentation on site or even 

access the study site. Starting from SAR observations ac-

quired from two different viewing geometries of the satel-

lite radar antenna, it is possible to derive a two-dimen-

sional projection of the movement of a bridge over time 

and quantify the uncertainties on the estimated displace-

ments [12]. 

When aiming at performing a structural prognosis based 

on monitoring data, it is mandatory to integrate such data 

with advanced numerical analyses that allow building a 

digital twin of the structure able to replicate the non-linear 

behaviour of its physical counterpart and the propagation 
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of damage, in order to predict the conditions under which 

the collapse of the bridge may occur. This knowledge, in 

support of the information provided by monitoring sys-

tems, is essential for interpreting the current state of the 

structure and for deciding whether it is necessary to im-

plement interventions aimed at avoiding major accidents. 

Among the different computational strategies, the recently 

proposed Applied Element Method (AEM) [13-15] satisfies 

the need to simulate both continuum and discrete stages 

of a structure that progressively reaches collapse, tracking 

the behaviour from the elastic stage to cracking, crushing, 

yielding of reinforcements, element separation and colli-

sion [16-19]. 

This work presents a combined use of InSAR-based moni-

toring and AEM numerical analysis for the structural as-

sessment of a curved roadway bridge, undergoing a slow 

deformation phenomenon consisting of movements in-

duced by a slowly evolving landslide. 

2 Case study 

The bridge chosen as case study is a pre-stressed concrete 

bridge with post-tensioned cables, located in Italy and 

built over a river in the late 1970s (Figure 1). 

It has a curvilinear planimetric trend and the axis of the 

deck can be identified by an arc of a circle having a radius 

of about 36.25 m (see the plan views in Figure 2 and Fig-

ure 3). The bridge has an overall length of 66 m and con-

sists of three spans, of which the central one is 36 m long 

while the two lateral ones develop over a length of 15 m 

each. The static scheme which characterizes the structure 

is the continuous beam on four supports. The two piers 

constituting the intermediate supports consist of two rein-

forced concrete elements one over the other: the lower 

one is the foundation of the pier, while the upper one is 

connected to the bridge deck and foundation through cy-

lindrical hinge constraints, therefore having a pendulum 

behaviour. Mobile bearing supports are present between 

the deck and the left side abutment in Figure 1, while the 

other abutment is seat of a fix constraint with the deck. 

As previously mentioned, the bridge is subjected to slow 

movements caused by a landslide affecting the slope on 

which an abutment and a pier are founded called from now 

on abutment 1 and pier 1 (left side in Figure 1). The de-

formations, already highlighted during the construction 

phase of the bridge, continued up to date, causing a pro-

gressive movement towards the valley of abutment 1 and 

pier 1. The evolution of these deformations over time 

caused the closure of the joint between the deck and the 

ballast wall of abutment 1, facilitated by the presence of 

the mobile bearing supports and resulting in a thrust of 

abutment 1 on the deck. Both pier 1 and pier 2 underwent 

longitudinal and transverse rotations, even if less signifi-

cant for pier 2. The rotation around the longitudinal axis 

of the deck brought to the elevation of the downstream 

corner of the piers previously leaned on the foundation 

base. The induced translation of the deck also resulted in 

the crisis of the ballast wall of abutment 2 (right side in 

Figure 1). 

Over the years, measures were implemented to mitigate 

the deformation phenomenon in progress. In 2019, an im-

portant intervention allowed to temporarily eliminate the 

thrust of abutment 1 on the deck, by reopening the joint 

through the creation of a gap of 30 cm between the slab 

and the ballast wall. In this way no further pressure is im-

mediately exerted on the deck due to the movements of 

the slope. Other countermeasures against the effects of 

the advancement of the landslide and to improve the sta-

bility of the slope have been designed. In addition, a static 

monitoring system has been installed on the bridge and 

the slope affected by the landslide, in order to follow the 

evolution of the deformations. 

 

Figure 1 Case study: curved roadway bridge in Italy. 

3 InSAR analysis 

The Italian satellite constellation COSMO-SkyMed acquired 

over the area of interest two stacks of SAR images in dou-

ble geometry (ascending, when the satellite travels ap-

proximately from South to North poles, and descending, 

when it navigates from North to South poles) with a spatial 

resolution of 3×3m. The first dataset consists of 51 images 

acquired in ascending viewing geometry in the period Jan-

uary 2018-December 2021, while the second one is com-

posed by 78 images recorded in the time span between 

January 2018 and January 2022 in descending pass. 

The two datasets have been processed through Persistent 

Scatterer Pair (PSP) technique [20], obtaining the dis-

placement information for a set of sparse points on the 

bridge deck and on the neighbouring ground, called Per-

sistent Scatterers (PSs), and corresponding to radiometri-

cally stable targets over the monitoring period. The dis-

placement measurements thus derived have a millimetre-

scale precision, while the PSs are localized in the three-

dimensional space with metric precision. 

The provided measurements are actually the projections 

of the real displacement vectors along the so-called Line-

Of-Sight (LOS), which connects the satellite radar antenna 

with the target on the ground in the considered viewing 

geometry. Figure 2 shows the ascending and descending 

velocity maps of the PSs detected on the deck of the 

bridge. In both geometries, for the PSs identified on the 

portion of the deck on the side of abutment 1 and pier 1, 

the temporal evolution of the displacements in the moni-

toring time window highlights a trend with a clear accu-

mulation of irreversible deformations. 

Even though the displacement measurements along the 

LOS themselves provide information helping to recognize 

a potentially critical condition for the bridge, it is conven-

ient to convert them into displacement components along  
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more significant directions for the bridge, in order to better  

understand and interpret the nature of the movements in-

volved. Having available measurements along two differ-

ent LOS, which constitute a two degree-of-freedom infor-

mation, it is not possible to carry out a complete 

reconstruction of the three dimensional displacement field, 

but only to estimate two components of the real displace-

ment vector, which is equivalent to hypothesizing the 

plane on which the deformation occurs. In order to obtain 

this result, a post-processing procedure developed by Far-

neti et al. [12] is used in this work, which allows to esti-

mate 2D displacements of a bridge on a chosen defor-

mation plane starting from ascending and descending 

acquisitions with proper defined error bounds. The appli-

cation to the case under examination is described below, 

while the interested reader can find more details of the 

methodology in [12]. 

The bridge has been divided into sectors: the central span 

has been decomposed into five sectors, while the two lat-

eral ones into three sectors each; in addition, one sector 

has been assigned to each abutment and pier. The aver-

age value of the ascending and descending LOS measure-

ments of the PSs falling within each sector has been as-

signed to its centroid (Figure 3) for all the acquisition dates 

in the time window common to the ascending and de-

scending datasets. The time series thus obtained are tem-

porally relative to the first common date to the two stacks 

of images. 

The operations described, consisting of interpolations in 

space and time, make the ascending and descending da-

tasets consistent, in order to allow the decomposition of 

the displacement components. 

 

Figure 3 Subdivision of the bridge deck into sectors. The PSs detected 

in ascending geometry are red, while the ones identified in descending 

geometry are blue. 

 

Figure 2 PSs detected in (a) ascending and (b) descending geometry on the bridge deck, color-coded based on their mean velocity in the 

monitored period (positive values indicate movements towards the sensor); in both geometries the time series of two PSs are shown, identified 

on portions of the deck above abutment 1 and pier 1, respectively. 
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Since the trend of the LOS displacements of the PSs char-

acterized by permanent deformations has opposite sign in 

ascending and descending geometries, it is reasonable to 

suppose that the real displacement vectors have a prevail-

ing horizontal component with respect to the vertical one. 

Consequently, a horizontal deformation plane has been as-

sumed for the calculation of the actual displacement com-

ponents. Since the bridge is curved and therefore there 

are no longitudinal and transverse axes representative for 

its entire planimetric development, East and North have 

been chosen as the reference directions along which the 

displacement components are derived. Knowing the direc-

tions of the ascending and descending LOS, the real dis-

placement component estimates 𝑑̂𝐸 and 𝑑̂𝑁, along the East 

and North direction respectively, have been calculated for 

each sector and for each date in the time window by solv-

ing the following linear system of two equations in two un-

knowns: 

𝐝LOS = 𝐁 𝐝̂            (1) 

where 

𝐝LOS = {
𝑑𝐴

𝑑𝐷
} , 𝐁 = [

sin 𝜃A cos 𝛼A − sin 𝜃A sin 𝛼A

sin 𝜃D cos 𝛼D − sin 𝜃D sin 𝛼D
] , 𝐝̂ = {

𝑑̂𝐸

𝑑̂𝑁

}  

dA and dD are the measurements along the ascending and 

descending LOS, θ is the incidence angle of the LOS and α 

is the angle between the LOS horizontal projection and the 

East axis (Figure 4). Table 1 summarizes the values of the 

angles θ and α which define the direction of the ascending 

and descending LOS over the area where the bridge 

stands. The displacement estimates are affected by uncer-

tainties that comprise a systematic and a random compo-

nent. 

 

Figure 4 Scheme representing a hypothetical real displacement vec-

tor, d, and its component detected by the SAR sensor along the 

Line-Of-Sight, dLOS. 

Table 1 Characteristics of ascending and descending LOS of COSMO-

SkyMed sensors in the area of interest. 

Geometry θ [degrees] α [degrees] 

Ascending 26.693 169.472 

Descending 34.031 11.549 

The systematic error depends on the three-dimensional 

nature of the real displacement vector versus the two-di-

mensional displacement estimate, therefore it appears if 

the actual neglected displacement component perpendic-

ular to the assumed deformation plane is actually different 

from zero. The random error is instead always present and 

related to the accuracy of the starting LOS measurements. 

The difference between the estimated and real values of 

the displacement component along the i-th direction (East 

or North), i.e. the total error, has been calculated using 

the following equation (where the first term on the right-

hand side is the systematic error and the second one rep-

resents the random error): 

𝑑̂𝑖 − 𝑑𝑖 = 𝑐𝑖 ∙ 𝑑⊥ ± 𝜀𝑖 ∙ 𝛿 ∙ 𝜎                                 (2) 

where d⊥ is the actual neglected displacement component 

orthogonal to the horizontal deformation plane (vertical 

component), δ is a coefficient defining the level of confi-

dence for 𝑑̂𝑖, σ is the standard deviation of the LOS meas-

urements, and ci and εi are error coefficients depending on 

the direction of the LOS and of 𝑑̂𝑖. 

For the present case, to compute the total error it was 

assumed the existence of a real vertical displacement 

component d⊥ = dV = ±10 mm, a confidence level of 90% 

was chosen (δ = 1.65), and σ has been set equal to 2 mm 

[20]. Furthermore, the error coefficients assume the fol-

lowing values: cE = -0.34, cN = -9.06, εE = 1.47, εN = 7.45. 

It is worth noting that the coefficients associated to the 

North component are higher than the other ones. This is 

because the satellites are on near-polar orbits and the LOS 

is orthogonal to the orbit, therefore the measurements are 

not very sensitive to deformations in North-South direc-

tion, thus increasing the degree of uncertainty along this 

direction. 

The deformed configuration of the bridge deck related to 

the last acquisition date of the monitoring period is shown 

in Figure 5 and represents the movements of the deck oc-

curred during the four years of InSAR monitoring. It has 

been reconstructed by combining the East and North dis-

placement components for the sectors in which at least 

one PS for both acquisition geometries has been identified. 

The deformations obtained, even if not covering the entire 

deck and taking into account the uncertainties on the dis-

placement estimates, are compatible with the effects on 

the bridge of the thrust exerted by the landslide slope. In 

particular, the permanent displacement of the sector cor-

responding to abutment 1, founded on the slope affected 

by the slow-moving landslide, is evident (the estimated 

horizontal displacement is about 175 mm in the four years 

of monitoring). 

4 AEM modelling 

The Applied Element Method (AEM) consists in modelling 

a structure as an assembly of small 3D rigid elements 

(with 6 degrees-of-freedom) connected along their sur-

faces through a set of normal and shear springs. The 

springs represent continuity between elements, reflect the 

properties of the various materials constituting the struc-

ture and allow to derive the stresses and strains fields. For  
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example, to model a reinforced concrete structure as the 

bridge under examination, two types of springs are em-

ployed: the matrix springs, which represent the concrete 

material, and the reinforcement springs, which reproduce 

the presence of the rebars, in terms of dimension, position 

and material properties. Non-linear and path-dependent 

constitutive models are in fact assigned to the springs in 

order to reproduce the behaviour of the various materials 

composing the structure. Furthermore, another type of 

normal and shear springs, called contact springs, are gen-

erated when elements come into contact with each other 

or with the ground, allowing modelling the occurring trans-

fer of energy. 

The AEM model of the curved roadway bridge (Figure 6), 

consisting of approximately 37,000 elements, has been 

built using the software Extreme Loading for Structures 

(ELS) [21]. Two types of concrete (one for the deck and 

one for piers and abutments) and two types of steel (one 

for the ordinary rebars and one for the post-tensioned ca-

bles) have been considered in the modelling. The deck and 

the upper part of the piers have been modelled in detail, 

reflecting the characteristics of the real bridge in terms of 

both geometry and arrangement of the rebars. Regarding 

the 27 post-tensioned cables (each consisting of 42Ø7), 

the springs that represent them follow the development 

known from the design tables and have been tensioned 

with a pre-stress equal to the design value of the final ten-

sion. The abutments and the foundations of the piers, 

which are fixed to the ground, have been instead built in 

a simplified way, choosing a less complex geometry than 

their physical counterpart and not including the reinforce-

ments in the model. The asphalt layer and the concrete  

curbs have not been directly modelled, but their own 

weight has been taken into account assigning a corre-

sponding increased equivalent density to the elements at 

the extrados of the deck. 

As previously mentioned, the behaviour of the materials 

has been taken into account by assigning appropriate con-

stitutive models to the springs. The Maekawa model [22] 

has been used to describe the concrete constituting the 

deck and the piers and the Menegotto-Pinto model [23] 

has been used instead to model the steel reinforcements. 

The simplified modelling of the abutments and the piers 

foundations involved using a linear model for the springs 

of the elements that compose them, while a bearing model 

has been assigned to the springs at the interface between 

abutment 1 and the deck, in order to reproduce the sliding 

in the horizontal plane allowed by the mobile constrain. 

The adopted material models have been defined by as-

signing them a set of parameters, some of which have 

been subject to calibration in order to reproduce through 

 

Figure 5 Reconstruction of the deformed configuration of the bridge 

deck in the horizontal plane on December 30th, 2021, taking into 

account the uncertainty bands for both East and North displacement 

components. The dots represent the centroids of the various sectors 

and displacements are plotted in 10:1 scale. 

 

Figure 6 AEM model of the curved roadway bridge. Above, detail of the model mesh; below, reinforcement implemented in the model: the 

ordinary reinforced bars are in yellow, while the post-tensioned cables are represented in red. 
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the modelling the dynamic behaviour of the real bridge as 

faithfully as possible. The calibration has been performed 

referring to the results of Ambient Vibration Tests (AVTs) 

carried out during an in situ experimental campaign to as-

sess the dynamic behaviour of the curved roadway bridge. 

Acceleration measurements have been processed using 

MOVA, a recently developed software for Operational 

Modal Analysis [24] that has allowed deriving the dynamic 

identification of the bridge in terms of modal parameters, 

i.e. natural frequencies, damping ratios and mode shapes. 

The calibration of the model has been carried out by com-

paring natural frequencies and mode shapes of the first 

three modes experimentally identified with the numerical 

predictions obtained from the modal analysis of the AEM 

model of the bridge, varying the material stiffness of some 

structural parts in terms of Young and shear moduli of the 

constitutive models. In particular, the Young and shear 

moduli of the concrete of the deck and piers and the shear 

modulus of the bearing material at the interface between 

abutment 1 and the deck have been updated in the cali-

bration. Starting from the values corresponding to the 

types of concrete prescribed in the original design (con-

crete C32/40 for the deck and C25/30 for the piers), the 

parameters have been varied in order to minimize the dif-

ference between the experimental and model-estimated 

frequencies of the three considered modes. A percentage 

relative error, expressed by the following formula, has 

been calculated for each mode: 

𝜀 =
𝑓𝑒𝑥𝑝−𝑓AEM

𝑓𝑒𝑥𝑝
∙ 100            (3) 

 

Table 3 Experimental and AEM model-predicted modal frequencies of 

the first three mode, and corresponding percentage relative error. 

Mode ID fexp [Hz] fAEM [Hz] ε [%] 

1 2.3737 2.3148 2.48 

2 5.8600 5.6406 3.74 

3 6.5049 6.4295 1.16 

where fexp is the experimental frequency, while fAEM is the 

frequency predicted with the modal analysis of the AEM 

model of the bridge. 

The final values of the parameters obtained at the end of 

the calibration process are summarized in Table 2. For the 

calibrated model, percentage relative errors lower than 

4% have been achieved, as summarized in Table 3. 

Comparing instead the mode shapes, represented in Fig-

ure 7, for the first mode a high consistency between ex-

perimental and numerical results has been obtained, while 

for the second and third modes the mode shapes predicted 

through the modal analysis do not completely match the 

ones derived from the AVTs, especially with regard to the 

horizontal movements. This partial disagreement can be 

explained by the complex geometry of the curved bridge, 

as well as by considering that the dynamic tests have been 

carried out on a structure already deformed and damaged 

due to the effects of the landslide, while the model repro-

duces the design configuration not affected by the land-

slide-induced movements. 

In order to replicate the actual condition of the bridge in 

terms of deformation, damage and modifications of the 

bearing supports, a displacement input has been applied 

at the boundaries of the AEM model to simulate the pro-

gression of the landslide. In particular, a horizontal dis-

placement of 200 mm has been applied in the direction of 

maximum slope towards abutment 1 and the foundation 

of pier 1. The computational deformed configuration thus 

obtained reproduces quite faithfully the current state of 

the bridge observed on site, as shown in Figure 8. Going 

more into detail, the numerical analysis has predicted the 

closure of the joints of both abutment 1 and abutment 2 

consistently with the real situation, and the longitudinal 

and transverse rotations of pier 1 and pier 2 are also well 

simulated, in line with what found on site. In particular, 

the rotation around the transverse axis of the deck, acti-

vated due to the pendulum behaviour of the piers, is in 

opposite directions for pier 1 and pier 2, while, for both 

the piers, the longitudinal rotation has led to a partial loss 

of support due to the lifting of the downstream side of the 

piers. 

Table 2 Material properties adopted for the calibrated model. E and G are the Young and shear modulus; fc and ft represent the compressive 

and tensile strength, while τ0 is the shear strength; σy and σu are the yield and ultimate stress. All values are expressed in MPa. 

Structural ele-

ment type 

E G fc ft τ0 σy σu 

Deck 37500 14583 40 3 7.35 - - 

Piers 30000 12500 30 3 7.35 - - 

Reinforcing bars 200000 80000 - - - 431.5 561 

Post-tensioned 

cables 

200000 80000 - - - 1370 1570 

Abutments and 

piers foundations 

2600000 1000000 5000 5000 3000 - - 

Abutment 1-deck 

connection 

200000 1716 40 - - - - 
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Figure 7 Comparison between experimental and numerical mode shapes for the first three modes. 

 

 

Figure 8 (a) Deformed configuration of the AEM model; the focus on the abutments show the situation before and after the application of the 

displacement input. (b) Current condition of the bridge observed on site, with details of pier 1 (on the left) and pier 2 (on the right). 
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Figure 9 Comparison between the deformed configuration recon-

structed from InSAR analysis on December 30th, 2021 and that derived 

from AEM numerical simulation. Displacements are plotted in 10:1 

scale. 

5 Combination of InSAR and AEM analyses 

A quantitative comparison between the values of the deck 

displacements obtained through InSAR analysis and those 

derived from AEM numerical simulation has not currently 

been performed, given that the satellite monitoring time 

window covers four years (from 2018 to 2021), while nu-

merically predicted deformations concern the time span 

from the construction of the bridge to the present day. It 

is also worth remembering that the extent of the total dis-

placements of the landslide slope is not known, therefore 

the input given to the numerical model is only an approx-

imate estimate. For this reason, it was possible to compare 

only qualitatively the results of the two analyses. 

The numerically predicted East and North displacement 

components have been extrapolated for the elements cor-

responding to the position of the centroids of the various 

sectors, and their values have been scaled in order to 

match the North displacement of the centroid correspond-

ing to abutment 1 with that reconstructed from InSAR pro-

cessing for the last acquisition date. As shown in Figure 9, 

for the portion of the deck between abutment 1 and pier 

1, the two deformed configurations almost coincide. The 

fact that, for abutment 1 centroid, not only the North com-

ponent (imposed) but also the East one is the same for 

both reconstructions, suggests that the hypothesis on the 

direction of the displacement input applied to the model, 

i.e. the horizontal projection of the maximum slope of the 

versant, can be considered correct. For the deck part be-

tween pier 1 and pier 2 for which it was possible to carry 

out InSAR reconstruction, it can be noted that, while the 

East displacement components obtained with InSAR and 

AEM analyses are very similar for each centroid, the North 

components exhibit some differences. This result can be 

related to the higher uncertainty of the InSAR-deduced 

displacements along the North-South direction and could 

therefore fall within the error committed in their esti-

mates. 

The next step of this study will be to update the AEM model 

considering the modifications produced on the real bridge 

due to the interventions. Subsequently, a collapse simula-

tion will be performed on the updated bridge, already de-

formed during the previous loading stage, by applying in-

creasing horizontal displacements to abutment 1 and pier 

1 foundation until reaching the failure. The collapse condi-

tions obtained from the numerical analysis, in terms of dis-

placements of a representative control node, will be used 

to setup alert thresholds for displacement measurements 

derived from InSAR monitoring, useful to help decision-

makers take any measures in order to minimize risks. 

6 Conclusions 

This paper has presented an application of a multidiscipli-

nary strategy for the structural assessment of bridges af-

fected by slow deformation phenomena, based on the 

combination of InSAR-based Structural Health Monitoring 

and numerical simulations with the Applied Element 

Method. 

The examined case study is a curved roadway bridge in 

Italy, undergoing slow movements induced by a landslide 

affecting the slope on which one of its abutments and one 

of its piers are founded. The area where the bridge is lo-

cated is monitored by the satellite constellation COSMO-

SkyMed. SAR images acquired from 2018 to 2021 have 

been processed through PSP technique and post-pro-

cessed, in order to obtain the displacements of the bridge 

deck in the horizontal plane over time. The results have 

allowed to highlight a permanent deformation of the por-

tion of the deck between the abutment and the pier di-

rectly affected by the landslide, probably related to its ef-

fect on the structure. An AEM numerical model of the 

bridge has been built referring to the original design doc-

uments and calibrated using the results of the dynamic 

identification with Ambient Vibration Tests. A numerical 

analysis has been performed applying to the model a dis-

placement input representing the effects of the thrust ex-

erted by the landslide slope on the structure. The simula-

tion has reproduced a deformed configuration in good 

agreement with the actual deformed shape and damaged 

condition of the bridge. Moreover, the computationally 

predicted displacements of the deck are qualitatively con-

sistent with InSAR measurements, allowing an interpreta-

tion of the latter from a structural engineering point of 

view. The collapse simulation and the definition of alert 

thresholds for InSAR measurements is left to the continu-

ation of the research. 

It is concluded that the integration of information derived 

from InSAR monitoring and AEM analysis contributes to 

the understanding of the effects that the progression of 

slowly-evolving deformation phenomena has on bridges, 

providing relevant elements for their structural assess-

ment, and therefore for guiding preventive maintenance 

interventions and other actions aimed at mitigating risks. 
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