S
Q Journal of Civil and Environmental Engineering
Volume 56 (2026), Issue 2, 89-100

University of Tabriz

EXTENDED ABSTRACT

3D Numerical Comparison of the Behavior of Micropile-Reinforced
Rafts under Monotonic Axial Compressive Static Loading

Yazdan Shams Maleki ™

Assistant Professor, Faculty of Engineering, Kermanshah University of Technology, Kermanshah 6715685420, Iran

Received: 07 January 2025; Reviewed: 17 July 2026; Accepted: 25 August 2026

Keywords:
Micropile group, static loading, displacement, three-dimensional modeling, compressive loading.

1. Introduction

Seismic retrofitting of existing buildings, particularly at the foundation level, is of great importance. Various
methods have been employed over the past several decades to improve and strengthen existing or aged
foundations. One of the most important methods is the use of micropiles. As a significant innovation of this
study, the effects of micropile spacing, the interactions among the micropiles, raft, and soil, as well as different
group configurations, are explicitly considered in the three-dimensional numerical models, in contrast to the
existing analytical design relationships. Furthermore, unlike analytical approaches, the design criterion
adopted in this study is primarily based on the settlement performance of the numerical models. Within the
framework of a research program involving three-dimensional numerical simulations using the explicit finite-
difference program, the load-bearing capacity of micropile groups in clayey soil under axial compressive
loading is first determined. The obtained results are then compared and correlated with those of existing
analytical relationships and selected experimental findings.

2. Methodology
2.1. Numerical study

Given the importance and specific application of raft-micropile groups in the seismic retrofitting of the
subsoil and foundations of structures, the numerical modeling of micropile groups is investigated in this study.
Different micropile group configurations embedded in clayey soil with an undrained cohesion of 50kPa are
modeled. Since variations in the groundwater table, water flow, drainage and most importantly, consolidation
(long-term time-dependent behavior) of the clay layer defined in this study are not simulated, drained behavior
cannot be considered for the clayey soil. Therefore, only short-term static loading (without acceleration and
under monotonic loading) is applied to the three-dimensional numerical model. The resulting deformation and
settlement of the soil are consequently considered short-term (undrained) responses, accompanied by
immediate settlement caused by the instantaneous application of the superstructure load. The elastic modulus
of the clayey soil is 25MPa, and its Poisson’s ratio is 0.45. In this study, the fully elastoplastic Mohr-Coulomb
constitutive model is employed to simulate the clayey soil, while the micropiles are modeled as elastic
elements. Owing to the symmetry in the geometry and loading conditions of the problem, and to reduce the
computational effort associated with the three-dimensional numerical analysis, only one-quarter (quarter
model) of the original model is simulated (Fig. 1). The numerical modeling tool used in this study is the three-
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dimensional explicit finite-difference program. The FDM-based software package, was used for the numerical
modeling and analysis. The outer diameter of the micropiles modeled in this study is assumed to be 0.15m (half
a foot). The center-to-center spacings of the micropiles within the micropile groups are set at 1.00, 1.25, 1.50,
2.00,2.50 and 3.00m, based on practically feasible construction spacings. The main dimensions of the micropile
raft (pile cap) are set at 10x10m in all models. Owing to the symmetry in the geometry and loading conditions
of the models, only one-quarter of the raft, measuring 5x5m, is modeled.
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Fig. 1. A three-dimensional finite-difference model of a micropile group representing a quarter of the model, with 5x5
micropiles and a raft

3. Results and discussion
3.1. Comparison of numerical and analytical methods

Fig. 2 presents a simultaneous graphical comparison of the compressive load-bearing capacities of the
micropile groups obtained from the numerical models (N) and analytical relationships (A). The graphwith solid
red squares represents the ultimate compressive load-bearing capacities of the micropile groups obtained from
three-dimensional numerical analyses performed using the modeling program, whereas the black graph with
solid diamonds represents the results obtained using the analytical relationships. As indicated by this graph,
which is based on humerous time-consuming three-dimensional analyses and various analytical calculations
using the analytical equations presented previously, the analytical results are generally lower than the
numerical results and are therefore considerably conservative in most cases.
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Fig. 2. Simultaneous comparison of the compressive load-bearing capacities of micropile groups obtained from numerical
models (N) and analytical relationships (A).
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3.2. Displacement Ratios

Fig. 3 shows the normalized displacement (settlement) of the center of the raft along the z-coordinate axis
for the three-dimensional numerical models with different micropile spacings, under increasing monotonic
compressive loads at four different load levels, from 3MN to ten times this value, i.e., 30OMN. The equality line
representing identical settlement values for the different micropile configurations is plotted as a dashed line in
this figure. According to the results shown in this figure, as the micropile spacing and the surcharge applied to
the upper surface of the raft increase, the difference in settlement consistently increases. The reference model,
i.e, the denominator used for calculating the settlement ratios, is the quarter model with a micropile spacing
of s=1.0m. According to the plotted equality line, only a few combinations of load levels and micropile spacings
yield settlement values close to those of the reference model, which has the highest micropile density (i.e., 100
micropiles in the full model and 25 micropiles in the simplified quarter model). The remaining models exhibit
substantial increases in settlement differences. The observed range of settlement differences varies from
greater than 1 (i.e., more than 100%) to approximately 3 (i.e., 300%). Importantly, considering the range of
code-specified allowable settlements for raft foundations with isolated, strip, and spread foundation
configurations, a two- to threefold increase in the settlement of the raft-micropile system could pose a major
challenge to the superstructure. As evident from the results presented in Fig. 3, an increase in the applied load
level independently leads to a further increase in the settlement ratio considered in this comparison.

As an important performance-based design recommendation, when designing and constructing micropile
group-raft foundations to control raft settlement, the soil type and properties, foundation type, and allowable
settlement should be determined and appropriately coordinated in advance with the nature and magnitude of
the superstructure loading. For example, the allowable settlement threshold of a strip foundation cannot be
used as the basis for evaluating the performance of a spread raft foundation.
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Fig. 3. Normalized displacement (settlement) at the center of the raft for models with different micropile spacings under
increasing compressive loads.

4. Conclusions

In this study, the ultimate load-bearing capacity of micropile groups together with the overlying reinforced-
concrete raft is evaluated through a simultaneous comparison of the results of three-dimensional numerical
analyses performed using the explicit finite-difference program and those obtained from existing analytical
relationships. Three-dimensional models of micropile groups with six different spacing configurations and an
overlying reinforced-concrete raft are developed in a clayey soil stratum. Axial compressive loads are applied
to the raft and micropile groups with different center-to-center spacings. These spacings range from 1 to 3 m
and include practically feasible dimensions at full scale. The load-bearing capacities of the raft-micropile
groups under compressive loading obtained from the numerical analyses are consistently higher than the
conservative results obtained using the existing analytical design relationships. The analytical relationships
provide a lower (conservative) and approximate estimate of the ultimate load-bearing capacity, without
accounting for the interaction among the micropiles, the soil block, and the raft at the micropile heads,
particularly the effects of micropile spacing and group configuration. The difference between the numerical
and analytical results ranges from 10% to 50% and increases with increasing micropile spacing within the
group.

Furthermore, the existing analytical relationships do not account for performance-based control criteria,
such as allowable settlement, when determining the ultimate load-bearing capacity of raft-micropile
foundations. This represents a fundamental and non-negligible limitation of these relationships, since the
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underlying rationale and primary purpose of using raft-micropile foundations are to control the actual
settlements of the substructure and superstructure within the allowable limits specified by design codes,
considering the type of foundation soil. In contrast, the existing analytical relationships for estimating the
ultimate compressive load-bearing capacity of raft-micropile foundations are not sensitive to settlement and
are generally formulated independently of settlement values, settlement relationships, and micropile spacing.
The results of this study indicate that the use of a raft supported by a micropile group, whether as an isolated,
strip, or raft foundation, leads to variations of 40% (comparison between allowable settlements of 50 and 70
mm) to 100% (comparison between allowable settlements of 50 and 100mm) in the allowable settlement
values of the raft-micropile group system.
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5. Unbalanced force ratio (UFR)
6. Tetrahedral
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