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Abstracts. For widespread distribution of layered foundation, deformation and bearing capacity are
two important elements in engineering project, the calculating depth of additional stress must first
be established in deformation computing. For structural features of layered foundation to explore
the impact factors and variation of additional stress calculating depth, an integrated impact of soil
structure, soil thickness and basis width on the calculating depth has been researched. It indicates
that in two-layer foundation, the soft soil has a greater impact on the depth and the calculating depth
will increase with the basis width increases, but S, which isthe ratio of depth and basis width will
reduce. Also, in multi-layered foundation, the overlying hard soil depth has little effect on the depth,
depth and soft thickness with a negative correlation; with the base width increases, the calculating
depth increases, S, presents a decreasing trend in a range. And addition, the deformation ratio
method is proposed to determine the calculating depth of additional stress in multi-layered
foundation which is with a obvious structure of layer.

Introduction

The surface of the Northern Anhui is widely covered by the flood deposits in southern Yellou River
and Huaihe with a complicated geological conditions and significant characteristic of alternating
layer [1], and the bearing capacity and deformation was an important problem in engineering
construction. At present, according to the bearing capacity of multi-layered foundation, many
scholars put forward a lot of modified formula about foundation bearing capacity based on the basis
of the calculation formula of the homogeneous foundation bearing capacity[2-4], which mainly are
the diffusion angle method, punching shear method and strength weighted average method[5].
The depth of compressed layer of multi-layered foundation was established by the calculating depth
of additional stress under the load which had an important role in the calculation of the
multi-layered foundation settlement related to engineering geological prospecting, ground treatment
and settlement control etc..

For the additional stress calculation of the multi-layered foundation settlement, He Guhua
[6]proposed a calculation method can be used to solve the complex geologic stratification with the
width of the foundation for 10 to 30 meters and buried depth of 5 meters and made a list of the
adjustment coefficient table of calculated depth according to the experimental results; Xia
Zhengzhong[7] using viscous elasto-plastic model, combined with ground connection strength
theory, gives the formula about the calculated depth of effective subsidiary stress and the method is
that the soil will not have significant deformation when the additional stress generated by the
external load is equal to the connection strength of the soil; Wang Fengchi[8] studied the effect of
foundation length width ratio on the subsoil compressive depth. The conclusion is that when the
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length and width of the base are similar using the method of He Guhua to calculate the thickness of
the compressed layer, or should use the empirical formula; Wen Zhongxu[8] comprehensively
studied the applicability of several methods on the calculation formula of the depth for the equal
foundation settlement in the conditions of different foundation size, additional pressure at
foundation bottom, foundation embedded depth, and the different depth of ground water level and
double-layered foundation, which obtains that stress method is more closer to the actual settlement
monitoring results than the deformation ratio method. The above calculation method and research
conclusion had some positive effect on the determination of calculation depth for the additional
stress of multi-layered foundation, each had its own applicability, but there was no systematic study
the influence factors and laws of the calculation depth.

With the development of computer software, hardware and the theory of finite element, the

numerical analysis method was more and more used in the field of rock and soil. Although the
numerical calculation method was complex, the constitutive model and parameter calculation error
were large, but it could be satisfied with the advantages of non-linear, heterogeneous and relatively
low cost, and could simulate various conditions for the given conditions and parameters, the results
were accurate. Therefore, numerical methods could be used to study the influence factors and laws
of the calculation depth of the additional stress for multi-layered foundation.
According to the structural characteristics of multi-layered foundation, using FLAC3D numerical
analysis method to comparative study the different wear conditions, explore the influence factors
and laws of the calculation depth of the additional stress for multi-layered foundation, and
generalized analysis the influence factors on soil structure, thickness and foundation width to
calculation depth, which provided reference for the scene investigation, foundation treatment and
foundation settlement control of multi-layered foundation.

Theformulas for determining the calculation depth

The calculation depth of additional stress for layered foundation under load, that is, the depth of
compression layer is related to the soil structure of foundation, the thickness of soil layer and
foundation width, and so on. In engineering, there were two methods to determine the depth of
calculation for settlement deformation, namely, the stress ratio method and the deformation ratio
method. In addition, the specification [10, 11] also recommended an empirical formula

The stress ratio method. The stress ratio method was based on the value of additional stress and
self-weight stress at a depth below the center of the base to confirm the influence depth.

afts,ls, (D

In the formula, the o, was the additional stress of foundation bottom center at the depth of z, o

was the self-weight stress of the same depth at z, @ was the stress ratio, for the general soil was 0.2,

the soft soil was 0.1.

The meaning of this method was that the additional stress was decreased with the diffusion of the
depth when reaching the depth of z at the bottom of the foundation, the additional stress was so
small that it could be neglected for causing the settlement of the soil layer, which could be
considered as the calculation depth of additional stress.

The deformation ratio method. The deformation ratio method based on the ratio of the last
layer of soil deformation and total deformation to confirm the influence depth.
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Ds, £ 0.0254 Ds (2)
i=1
In the formula, As; was the settlement of i layer of the thin soil at the range of calculation depth,

As,_ was the calculated deformation value of soil layer with the thickness of Az above the layer of
influence depth.
The meaning of this method[12] was that taking the layer with the thickness of Az at a depth of

z below the basement, the amount of compression was only 0.025 times of the total compression
under the effect of additional stress, and the depth of Z could be considered as the calculation depth
of additional stress.

The empirical formula. The recommended that when there was no effect of the adjacent load
and the foundation width was at the range of 1 to 30m, the calculation depth of the foundation
deformation on the midpoint of foundation could be calculated by the simplified formula

z=b(2.5- 0.4Inb) (3

In the formula, b was foundation width, and the application range was 1 to 30m, z was the
calculation depth.

The empirical formula was summed by a large number of engineering practice, which had a
strong commonality, the specification recommended to use it when lacking of the necessary survey
data or validating the definite depth of the stress ratio method and the deformation ratio method
Three formulas provided the standard from different angles for confirming the calculation depth,
overall, the calculation depth were related to soil structure of foundation, thickness of soil layer
and the width of the foundation, and the influence rules of various factors were different.

To use the FLAC3D numerical analysis method, combined with the structure characteristics of
multi-layered foundation in Northern Anhui with the methods of stress ratio, deformation ratio and
empirical formula to comparative study the calculation depth of additional stress on multi-layered
foundation under different conditions and analysis the influence of each factor.

Calculating schemes

Calculation model. The subgrade bearing capacity as the object of research to sudy the calculation
depth of additional stress on multi-layered foundation

The foundation bearing capacity was a plane strain problem, and the load and foundation were
symmetrical to the vertical face, so the design adopted the way of establishing the half model. The
embedded depth of foundation was 2.5m, the gravity was applied to the surface of foundation on the
overlying soil layer, and the upper load was directly applied to the foundation bed. In order to avoid
the influence of the boundary effect, the total width of the model is 12.5m, which was the 5~15
times of the foundation width. The foundation depth was 20m, which was the 7~20 times of the
foundation width, as shown in figure 1.
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Fig.1 Schematic diagram of model Fig.2 Grid diagram of computing model

To set up the calculation model and divide the grid according to the geometric model. The left
boundary of the model is the symmetry plane, and the top surface was the foundation bed. The
upper layer of the model is applied to the gravity of the overlaying soil, the left fixed horizontal
displacement of the x, and the right and the bottom were fixed, and the whole model fixed the
displacement of y direction, as shown in figure 2.

Calculation parameters. The numerical calculation designed two types of soil which was hard
soil and soft soil, and adopted Mohr Coulomb model and yield criterion of traditional limit
equilibrium methods. Calculation parameters was mainly based ontest results of typical geological
soil in Northern Anhui, and referred project geology handbook to determine synthetically, as shown

intable 1.
Table 1 Table of calculation parameters

deformation . . . internal friction
parameter poisson'sration cohesive force/lkPa
modulusM Pa angle/ °
soft soil 6 0.4 6 10
hard soil 18 0.25 30 24

Calculated conditions. The double-layered ground was designed two types of foundation which
were upper-soft-and-lower-hard and upper-hard-and-lower-soft, and the soil property of the third
layer of soil is the same as the second layer. The multi-layered soil was designed with weak
intercalated foundation, the second layer of soil was soft soil in model, and the first and third layer
was hard soil. The basic buried depth of all conditions was 2.5m.

The foundation of upper-soft-and-lower-hard: the foundation width was 4.0m, and the thickness
of thefirst layer of soil were 1.0m, 2.0m, 3.0m, 4.0m, atotal of 4 cases.

The foundation of upper-hard-and-lower-soft: the foundation width was 4.0m, and the thickness of
the first layer of soil were 1.0m, 2.0m, 3.0m, the first layer was 2.0m, the foundation width were
1.5m, 2.5m, 3.5m, 5.0m, atotal of 8 cases.

The multi-layered foundation: the hard layer of the first soil was 2.0m, and the thickness of weak
intercalated layers were 1.0m, 2.0m, 3.0m; the foundation width was 4.0m, and the soft layer of the
second soil was 1.0m, the hard layer of the first soil were 1.0m, 1.5m, 2.0m; the hard layer of the
first soil was 2.0m, and the thickness of weak intercalated layers was 1.0m, the foundation width
were 1.5m, 2.0m, 2.5m and 3.0m, 3.5m, 5.0m, atotal of 12 cases.

M odel examination

To studying on the ultimate bearing capacity of the homogeneous hard soil with foundation
embedded depth of 2.5m and the foundation width of 4.0m.
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Table 2 Calculating depth of soft layer foundation

calculation method
gress ratio method /m deformation ratio method /m empirical formula/m

foundation width /m

15 21 3.2 35
25 3.7 5.2 53
4.0 5.9 5.6 7.8
5.0 8.7 6.1 9.3

To calculate the ultimate bearing capacity of homogeneous hard soil foundation with capacity
formulae by Terzaghi [12]: When the internal friction angle was 24 degrees in the correlation chart
of the ultimate bearing capacity, it was 9, 10, 23 respectively, and the ultimate bearing capacity was
1428kPa with the natural unit weight of hard soil, the value calculated with the model was 1370kPa
differed from 4.06% of the formula calculation, which shows the correctness of the model.

In addition, to calculate the depth value of the additional stress on the homogeneous soft soil
foundation and hard soil foundation in different foundation width respectively, the results were

shown in table 2 and table 3:
Table 3 Calculating depth of rigid layer foundation

cal culation method
gress ratio method /m deformation ratio method /m empirical formula/m

foundation width /m

15 7.1 4.2 35
25 8.6 10.8 53
4.0 9.9 12.4 7.8
5.0 10.5 15.3 9.3

The calculation results and influencing factors

In order to determine the maximum depth of additional stress in the foundation, the characteristic
value of the bearing capacity was selected as the calculation of the external load. At the same time,

in order to make the analysis more practical significance to the engineering, the S, was defined as
the ratio of the depth and the width of the calculation, and 5., and S,; were used to represent the

S, value of the stress ratio method and the deformation ratio method respectively.

The influence of foundation condition. Only the foundation with weak interlayer was
considered for multi-layer foundation. Figure 6 and figure 5 were the results in the calculation depth
of the additional stress with weak interlayer, and the foundation width was 4.0m, the calculation
depth changed in different soft soil and the thickness of upper hard soil layer.
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Fig.5 Calculating depth of multi-layered foundation Fig.6 Calculating depth of multi-layered foundation
in different soft layer thickness in different upper rigid layer thickness

Aswas shown in Figure 5, the calculation depth was gradually decreased with the increase of the
thickness of soft soil interlining in multi-layer foundation with weak interlayer. Because of the low
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strength of soft soil, the stress applied from base to the foundation transfer to the soft soil. The soft
soil appeared to be destroyed and developed to the lateral, and the stress dissipation was faster, the
lateral deformation of soft soil layer was increased. Because the deep part cannot transfer the stress,
and the deformation was very small, so the influence depth was lesser. The empirical formula was
not reasonable to consider the influence of the properties of layer on the calculation depth, which
was obviously not reasonable.

As was shown in Figure 5, the calculation depth of the additional stress in deformation ratio
method was larger than stress ratio method. Comparing with the homogeneous hard soil foundation,
when the foundation width was 4.0m, the first hard soil layer was 2.0m, and the soft soil layer was
1.0m, the calculation depth value of additional stress reduced by 14% with stress ratio method, and
the deformation ratio method reduced by 24%; When the thickness of the soft soil interlining
increased to 3m. The calculated depth value was reduced obviously, and the stress ratio method
reduced by 32%, deformation ratio method decreased by 40%. So, the soft soil interlining of
foundation had a great influence in the calculation depth of the additional stress.

As was shown in Figure 6, the calculation depth value of the additional stress remained
unchanged when the thickness of the overlying soil layer is changed. This was mainly due to the
larger stress field in the superficial part. The thickness of soft soil layer was thin or same (all were
1m) for the foundation with weak interlayer, although the partial stress was dissipated faster in the
soft soil layer, it still could be passed down, so the thickness of the soft soil layer was the main
factor that affected the propagation depth of stress. In addition, the deformation ratio method was
larger than the stress ratio method, and the stress ratio method was larger than the empirical formula
among different methods.

For multi-layer foundation with weak interlayer, the thickness of hard crust layer was in 1~2.5m,
the calculation depth of additional stress changed little; When the thickness of soft soil layer was
increased from 1.0m to 3.0m, the calculated depth of additional stress was decreased obviously, and
the soft soil layer had great influence on the calculation depth of additional stress to multi-layer
foundation.

Effect of foundation width. (1) The multi-layer foundation with upper- soft-and-lower-hard. The
thickness of hard soil layer was 2.0m in the multi-layer foundation with upper- soft-and-lower-hard,
the results of calculation depth of additional stress in different foundation width, and the change

plot of S, with the foundation width, as was shown in figure 7.
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Aswas shown in Figure 7, the calculation depth value of the additional stress was increased with
the increase of the foundation width. When the foundation width increased from 1.5m to 5 m, the
calculations of stress ratio method and deformation ratio method increased respectively 37.2% and
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59.6%. At the same time, the result of stress ratio method is less than the deformation ratio method,
mainly because of the large deformation of soft soil. The results of empirical formula were smaller
than other two methods when the foundation width was small, and the opposite cases for larger
foundation width.

As was shown in Figure 7, the value of S, was decreased with the increase of the foundation

width in the multi-layer foundation with upper- soft-and-lower-hard. When the foundation width
increased from 0.75 times to 2.5times that was the thickness of hard shell layer (the thickness of

hard shell layer was 2.0m), S,. reduced from 2.87 to 1.18, and S,; reduced from 3.47to 166, the

damping decreased 58.89% and 52.16% respectively.

(2)Multi-layer foundation with weak interlayer. The thickness of the first hard soil layer was
2.0m in the multi-layer foundation with weak interlayer, and the weak interlayer was 1.0m, the
results of calculation depth of additional stress in different foundation width, and the change plot of

Sy with the foundation width, as was shown in figure 8.

As was shown in Figure 8, the calculation depth of additional stress was gradually increased with
the increase of the thickness of foundation width in multi-layer foundation with weak interlayer.
This was because that the range of stress diffusion was increased with the increase of foundation
width, so the range of the influence in stress was deeper, and the additional stress calculation depth
was increased. When the foundation width increased from 1.5m to 5 m, the calculations of stress
ratio method and deformation ratio method increased respectively 44% and 200%. At the same time,
the increasing trend of stress ratio method was slowly, and the deformation ratio method was the
biggest.

As was shown in Figure 8, the value of S,. was decreased with the increase of the foundation

width in the multi-layer foundation with upper- soft-and-lower-hard. When the foundation width
increased from 0.5 times to 2.5times that was the thickness of hard shell layer (the thickness of hard

shell layer was 2.0m), §,. reduced from 3.93 to 1.70, and the regularity of S, with the increase
of the foundation width was that the first reduced, and then increased, finally to decrease. When the
thickness of the foundation width was equal to the first hard soil layer, the §,,; had a minimum

value.

It was easy to find that the change rule of the calculation depth of additional stress was the same
as homogeneous hard soil foundation with the increase of the thickness of foundation width in
multi-layer foundation with weak interlayer (the calculation depth was both increased), just the

value of calculation depth would be reduced; At the same time, the change rule of S, (5,. and

Spa) Was the same as homogeneous hard soil foundation with the different thickness of foundation

width: it would be decreased with the increase of foundation width.

Conclusion

According to the structural characteristics of multi-layered foundation, using FLAC3D numerical
analysis method to explore the influence factors and change rules of the calculation depth of
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additional stress for multi-layered foundation in different working conditions, and generalized
analysis the influence factors on soil structure, thickness and foundation width to the calculation
depth of additional stress, which obtained some conclusions to provide reference for the scene
investigation, foundation treatment and foundation settlement control of multi-layered foundation.

(1) Thevalue of S, decreased gradually with the increase of the thickness of soft soil layer in the
multi-layer foundation of upper- soft-and-lower-hard, which was significantly reduced than
homogeneous foundation; The value of S, increased gradually with the increase of the thickness of

soft soil layer in the multi-layer foundation of upper- hard-and-lower-soft, which was larger than
homogeneous foundation.

(2) The calculation depth of additional stress was significantly decreased with the increase of the
thickness of foundation width in multi-layer foundation with weak interlayer, and the maximum
reduction was about 40% in this paper; the calculation depth of the additional stress remained
unchanged with the change of the thickness in overlying hard soil.

(3) The calculation depth of additional stress was increased with the increase of the thickness of
foundation width in multi-layered foundation, and the maximum reduction was about 200% in this

paper, but the value of 5, had a decreasing trend.

(4) The soft soil effected calculation depth of the multi-layer foundation, when the thickness of the
soft soil layer and foundation width were changed, the value of the calculation depth varied greatly.
(5) According to the results of this paper, the deformation ratio method reflected the inhomogeneity
on the foundation. So, using the deformation ratio method to confirm the foundation depth of the
additional stress in a significant multi-layer foundation.
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