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ABSTRACT 

This paper presents a framework to enable probabilistic assessment for braced excavation-induced 

structural damage on a regional scale. Random filed models are created to describe the uncertain-

ties of spatially variable ground displacements induced by excavation, and random variables are 

adopted to model the uncertainties of soil stiffnesses, structural stiffnesses, and building weights. 

The uncertainties are propagated to the probability distributions of building characteristic tensile 

strains (𝜀𝑐) through a Monte-Carlo method, in which a 3-dimensional (3D) soil-structure interac-

tion (SSI) model is evaluated in each simulation. With limit state functions defined based on 𝜀𝑐, 

damage probabilities were quantified for all buildings in the region impacted by the excavation. 

Fragility heatmaps that can be used for estimating the probabilities of each possible damage state 

from impact level were also generated for each building. The framework is demonstrated with an 

excavation case history executed in Oslo, Norway. The 3D SSI model adopted in the framework 

can provide more accurate building response prediction than conventional 2D analysis. Mean-

while, the probabilistic assessment method provides a tool to quantify the uncertainty effect in the 

building assessment of large excavation construction. 

1. INTRODUCTION 

Braced excavations are commonly executed in urban areas, where many buildings might be im-

pacted by excavation-induced ground displacements. Such ground displacements may cause se-

vere damages to adjacent buildings (e.g., Bryson and Kotheimer 2011 and Korff et al. 2011), and 

it is essential to quantify the potential structural damages when the excavations are designed and 

executed. Soil-structure interaction (SSI) models with different levels of fidelity (e.g., Finno et al. 

2005, Son and Cording 2005, and Dong et al. 2022) have been proposed to estimate such structural 

damages. However, the low-fidelity SSI models, such as the methods based on equivalent beams 

and modification factors, may suffer from large uncertainty (e.g., Zhao et al. 2022). Furthermore, 

the knowledge required and the certainty in input data to calibrate high-fidelity SSI models are 

usually not available in most design and construction scenarios, which prohibits the usage of such 

high-fidelity models in practice. Moreover, the modeling efforts of high-fidelity models are gen-

erally not affordable for regional scale assessment, where a large number of buildings need to be 

analyzed. The 3-dimensional (3D) 2-stage SSI model first proposed in Zhao and DeJong (2022) is 
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believed to achieve an accurate building response prediction with a reasonable modeling complex-

ity and is adopted in this paper to realize a regional scale assessment. The 3D SSI model was 

originally proposed for tunneling-induced building damage quantification. The 3D SSI model pre-

sented in this paper can provide a more accurate prediction of building response to deep excavation 

than conventional 2D models that are most commonly adopted in current engineering practice. 

Moreover, the probabilistic framework enables a rigorous quantification of the uncertainty in the 

performance assessment of building response to deep excavations, while the modeling and com-

putation effort remains reasonable so that regional assessment can be achieved. 

This paper introduces the extension of this 3D SSI model to braced excavations, which is 

described in section 2. The extended 3D SSI model may experience uncertainties caused by ground 

displacement prediction and modeling parameters, and probabilistic methods are usually adopted 

to facilitate decision-making under uncertainties. In section 3, a Monte-Carlo based regional prob-

abilistic assessment framework is proposed, in which a spatial variable regional ground displace-

ment model is developed, and the uncertainty modeling methods for soil and structural properties 

are suggested. Section 4 describes the application of the proposed probabilistic assessment frame-

work in an excavation case history in Oslo, Norway, and some conclusions are presented in the 

final section. 

2. 3-DIMENSIONAL (3D) 2-STAGE SSI MODEL FOR BRACED EXCAVATION 

Zhao and DeJong (2022) developed a 3D 2-stage SSI model based on the 2-dimensional soil-

structure interface model first proposed by Franza and DeJong (2019). In the 2-stage approach, 

ground displacements are first estimated and applied as displacement boundary conditions on the 

soil-structure interface. In this paper, the vertical and horizontal ground displacements induced by 

braced excavations are estimated from a smoothed version (Eq. 1) of the KJHH & KSJH model 

(Kung et al. 2007 and Schuster 2009), where 𝑑𝑣 is the vertical displacement, 𝑑𝑙 is the lateral dis-

placement, 𝐻 is the excavation depth, 𝑥 is the distance to excavation wall, and 𝜂 is a parameter 

describing the width of the settlement trough. The estimated ground displacements are then applied 

on an elastoplastic soil-structure interface illustrated in Fig. 1(b). The soils are modeled as a semi-

infinite elastic continuum, and the soil stiffness coefficients at each soil-structure interface node 

can be calculated with Mindlin's solutions. In the vertical direction, the surface structures are con-

nected to the soil through rigid plastic sliders with zero tensile strength to simulate the formation 

of gaps between buildings and soil. In the horizontal direction, sliders with strength equal to the 

vertical compressive stress multiplied by a friction coefficient are implemented to simulate Cou-

lomb's friction model at the interface. The surface buildings are modeled with the finite element 

method (FEM), and the deformation of the buildings can be solved with typical FEM theories. The 

formulation of the whole SSI system can be found in Zhao and DeJong (2022), and such an elas-

toplastic interface model is an effective way to solve the small displacement and non-penetration 

problems in contact mechanics.  

Fig 2. presents the SSI models created for two buildings in the case study area. The FEM 

meshes and calculated 𝜀𝑐 (which is defined as the 99% quantile of the principal tensile strains in 

all building elements as suggested in Yiu et al. 2017) are shown in Fig. 2(c-d). Fig. 3 is a compar-

ison of the monitored vertical displacement at the building corners with the values calculated with 

the proposed SSI model using the greenfield ground displacements approximated from the field 
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monitoring data after the excavation is completed. Because only one cross-section can be estimated 

from the monitored settlements, the ground settlement profile under the region was assumed to be 

the same along the excavation wall. However, as discussed in Section 3, the ground settlement 

profile may show spatial variability along the excavation boundary. Considering the large uncer-

tainty caused by the estimated greenfield ground displacements, Fig. 3 suggests that an accurate 

building response can be obtained from the proposed SSI model if accurate greenfield ground 

displacements are known. However, it should be noted that such greenfield ground displacements 

can only be approximated after the construction is completed, and they are usually influenced by 

additional consolidation settlement induced by porewater pressure reduction caused by construc-

tion activities. In early design stages, the greenfield displacement profiles are usually estimated 

from experience obtained in engineering practice and may suffer large uncertainty. A spatial var-

iable model described later is suggested to model such uncertainty in the predicted greenfield 

ground displacements.  
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Fig. 1 (a) Schematic 3D SSI model (b) 3D elastoplastic soil-structure interface model 
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Fig. 2 (a) Bird’s eye view of the case study area (from Google Earth); (b) Location of the excava-

tion wall and studied buildings; (c) 3D SSI model of building A and distribution of principal tensile 

strains; (d) 3D SSI model of building B and distribution of principal tensile strains. 

 
Fig. 3 Comparison of monitored and calculated building settlements. 

3. UNCERTAINTY MODELING AND PROPAGATION METHOD 

A large number of excavation-induced ground displacement records in Norway were collected in 

Langford et al. (2016). Although Eq. 1 can generally provide a reasonable prediction for ground 

displacement profiles, the data of the collected case histories indicate that the maximum ground 

displacement (𝑑𝑣𝑚𝑎𝑥/𝐻) and width of the profile (𝜂) show large variances. A study of the green-

field ground displacement records in the Oslo area also suggests that these two variables at differ-

ent cross-sections are spatially correlated, depending on the distance between the cross-sections, 

and 𝑑𝑣𝑚𝑎𝑥/𝐻 and 𝜂 are statistically independent from each other. As a result, the spatial correla-

tion is estimated from the ground displacement records and used to model the spatial variability of 

the predicted ground displacements. To ensure 𝑑𝑣𝑚𝑎𝑥/𝐻 and 𝜂 are positive-definite in the uncer-

tainty models, empirical variograms are estimated in the logarithmic space (i.e., 𝑙𝑜𝑔(𝑑𝑣𝑚𝑎𝑥/𝐻) 

(a) (b) (d)

(c)
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and 𝑙𝑜𝑔(𝜂)). Fig. 4 shows the empirical Cressie's semivariance and the Gaussian variogram mod-

els created for 𝑙𝑜𝑔(𝑑𝑣𝑚𝑎𝑥/𝐻)⁡and⁡𝑙𝑜𝑔(𝜂). Further assuming normal marginal distributions for 

𝑙𝑜𝑔(𝑑𝑣𝑚𝑎𝑥/𝐻)⁡and⁡𝑙𝑜𝑔(𝜂), lognormal random field models that capture the ground spatial vari-

able behavior in the Oslo area are obtained for 𝑑𝑣𝑚𝑎𝑥/𝐻 and 𝜂. It is noteworthy that the empirical 

semivariance with long lags (i.e., points to the right of Fig. 4(a) and Fig. 4(b)) are estimated with 

a small amount of data and may experience large biases. The empirical semivariance and corre-

sponding variogram models can be refined with our framework when more greenfield ground dis-

placement monitoring records become available.  

With the random field models defined for 𝑑𝑣𝑚𝑎𝑥/𝐻 and 𝜂, samples of the ground displace-

ments at each surface structure node can be generated with discrete Karhunen-Loève expansion 

(Schenk and Schuëller 2005) and fed to the Monte-Carlo based uncertainty propagation framework 

proposed in Zhao et al. (2022). Uncertainties in the estimation of soil stiffness (𝐸𝑠), building stiff-

ness (𝐸𝑏) and building loads (𝐿) are also considered in this paper, and their uncertainty models 

are suggested in a variety of literature (e.g., Ellingwood 1980, Lacasse and Nadim 1997, and Phoon 

and Kulhawy 1999). The computer program UQESI developed by Zhao et al. (2022) is extended 

to incorporate the 3D SSI model and then adopted for propagating the uncertainties from input 

parameters to 𝜀𝑐 in each of the surface buildings in the impacted region. The extended UQESI can 

run in both personal computers and high-performance computer clusters, and its output is the em-

pirical probability density function of 𝜀𝑐 in each building. The damage probabilities of each build-

ing can then be estimated according to the widely used limit states defined in Boscardin and Cord-

ing (1989), and fragility heatmaps can be developed by estimating the damage probabilities con-

ditioned on different impact levels.  

 
Fig. 4. Empirical semivariance and Gaussian semivariogram model for (a) 𝑙𝑜𝑔(𝑑𝑣𝑚𝑎𝑥/𝐻), and 

(b) 𝑙𝑜𝑔(𝜂). 

4. CASE STUDY 

A segment of an infrastructure project in Oslo is presented to demonstrate the proposed regional probabil-

istic assessment framework. The excavation depth is about 11 m deep and supported by steel props and 

concrete slabs. Sheet piles were first piled until the bedrock level, and the top concrete slab and steel props 

were then installed. Afterward, internal excavation was carried on, after which the bottom slab and internal 

(a) (b)
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vertical concrete walls were cast. The excavated soil was mostly clay, with an initial elastic modulus of 

approximately 50 MPa. To account for the stiffness reduction caused by very large soil strain induced by 

the excavation, a (17.9 × 𝑏𝑒𝑡𝑎(2, 2) + 1.06) × 106 distribution, which corresponds to a 10 MPa mean and 

40% coefficient of variance (CoV), is used to model the uncertainty of the soil elastic modulus used in the 

SSI model. The 40% CoV is consistent with the suggestions given in Phoon and Kulhawy (1999). 

 Only two buildings (Building A and B in Fig. 2) are in the vicinity of the studied excavation seg-

ment and are analyzed here. However, the same approach can be readily applied to the buildings in the 

whole region impacted by the excavation, and a regional probabilistic assessment can be achieved. The 

Matlab package MasonMesh (Zhao (2023)) can be adopted for fast FEM mesh generation if a large number 

of buildings are analyzed. Building A consists of solid bricks and mortar, and the nominal stiffness of 

building A was estimated to be 1700 MPa, as suggested in the European Standard (2005). Building B is a 

timber building with hewn masonry foundations, and the nominal stiffness for timber and structure are 

respectively estimated as 1200 MPa and 1400 MPa. The buildings were built more than 200 years ago, and 

to account for the degradation, a reduction factor (RF) with the distribution 0.45 × 𝑏𝑒𝑡𝑎(2, 4) + 0.55 is 

applied to the building stiffness. This reduction factor is consistent with the strength reduction factor 

adopted in ASCE 5/ACI 530 (2011), which suggested a small probability (10% in the proposed distribution) 

that the RF is smaller than 0.6. 𝑏𝑒𝑡𝑎(2, 4) is adopted for RF so that the distribution is skewed to the right, 

which ensures a conservative estimation of the building stiffness. To model the uncertainty in the estimation 

of building weight (𝐿), the method suggested in Ellingwood (1980) is adopted, where the mean of 𝐿 was 

taken as 1.05 of the nominal design loads and a CoV of 10% should be considered. The nominal design 

loads on the buildings were taken as the material self-weight plus 10 kPa per story, and a normal distribution 

is assumed for 𝐿. With the input uncertainty from ground displacement and modeling parameters quantified 

for the studied buildings, 1500 Monte-Carlo simulations were conducted for each building to estimate the 

distribution of their 𝜀𝑐. The Monte-Carlo simulations were completed in the high-performance computer 

cluster SAVIO at UC Berkeley and the computation took around 15-20mins for each studied building.   

 Fig. 5(a) and Fig. 5(b) show the empirical cumulative density distribution of 𝜀𝑐 for building A and 

B respectively. The vertical lines are the limiting tensile strains for damage categories proposed in Boscar-

din and Cording (1989), which are commonly used in the damage classification of masonry buildings. Fig. 

5(a) suggests that building A will most likely (84%) experience "Negligible" damage with a very small 

chance of experiencing some "Very Slight" damages. This is consistent with the observations made after 

the excavation, in which some hairline cracks (around 0.1 mm) were found at the window corners. Fig. 5(b) 

suggests that building B will most likely (55%) experience "Very Slight" damage, and there is around a 

20% probability of experiencing "Slight" damage. Burland et al. (2004) suggest that a "Very Slight" damage 

stands for easily treated fine cracks with typical crack widths up to 1 mm and "Slight" damage stands for a 

damage state that re-decoration is required with typical crack widths up to 5 mm. Such descriptions are 

consistent with the damage observed in building B. However, the ground continued settling after the exca-

vation due to consolidation, and the consolidation settlement has caused more damage than the short-term 

damage estimated in this paper. Consolidation effects could also be considered in this modeling framework 

but are not considered here.  

 Fig 6 and Fig 7 are the fragility heatmaps estimated from the Monte Carlo simulation results for 

building A and B. The horizontal axes are the maximum settlement of the corresponding building, and the 

vertical axes are the 𝜀𝑐 values that developed in the building. If a prediction is made for the impact level of 

a building (i.e., the predicted maximum settlement of a building falls in one of the vertical strips), the 

probabilities of each damage state for this building can be estimated by dividing the number of points in 

each damage state block by the total number of points in the vertical strip. As a result, when an impact level 
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is known, the total probability of all possible damage states is one. If curves (typically lognormal curves) 

are fitted for the damage probabilities in each horizontal strip, fragility curves describing the probability of 

each damage state at different building settlement levels can be approximated. During construction, updated 

building settlement predictions are usually made based on observed on-site conditions, and sometimes 

based on unexpected construction activities. The fragility heatmaps can be used to quickly update the dam-

age probabilities according to the updated building settlement prediction without running the Monte-Carlo 

simulations again.  

 

Fig. 5. Empirical cumulative density functions (CDFs) for (a) building A and (b) building B. 

 

Fig. 6. (a) Scatter plot of 𝜀𝑐 versus maximum building settlement for building A and (b) Fragility heatmap 

for building A. 

(a) (b)

(a) (b)
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Fig. 7. (a) Scatter plot of 𝜀𝑐 versus maximum building settlement for building B and (b) Fragility heatmap 

for building B. 

5. CONCLUSIONS 

A framework that enables regional probabilistic assessment for braced excavation induced building damage 

is developed. 3D soil-structure interaction models were adopted to significantly reduce the uncertainty 

caused by the building shape and orientation to the excavation boundary compared to the state-of-the-prac-

tice using 2D equivalent beam methods. The spatial variable behavior for excavation induced greenfield 

ground displacement in Oslo area was estimated through case history data, and a spatial variable ground 

displacement model assuming Gaussian variogram models and lognormal random fields was proposed. The 

uncertainties of the ground displacements, soil stiffnesses, building stiffnesses, and building weights were 

quantified for a portion of an excavation project in Oslo and the capability of the proposed regional proba-

bilistic assessment was demonstrated. The probabilistic assessment results for the studied buildings show a 

reasonable comparison with the observed damage. Fragility heatmaps were developed, which can be used 

as a tool for real-time updating of building damage probabilities using updated building settlements predic-

tion made according to monitoring during the construction process.  
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