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Correlations between SPT, CPT and Cross-Hole testing results over the granite 

residual soil of Porto

Correlations entre resultats des essais SPT, CPT Cross-Hole sur un sol residuel granitique de Porto

A.Vianada Fonseca, M. Matos Fernandes & A. Silva Cardoso -D ep artm ent o f C ivil Engineering, University o f Porto, Portugal

ABSTRACT: An extensive site investigation has been made in a typical granite saprolite of Porto region, which included closely spaced 

and controlled in situ testing techniques (SPT, CPT, DP, Cross-Hole seismic tests, PLT, SBPT and others). In this paper, special 

relevance is made on applications of SPT, CPT and Cross-Hole parameters for classification purposes and assessment of engineering 

properties of these soils. Usual classification charts based on indexing properties, such as relative density or Ng0 from SPT or qc from 

CPT, as well as relationship between q</N6o and average grain size, are questioned. Direct assessment of shear strength parameters from 

SPT and CPT results, stiffness parameters and settlement predictions combining results of PLT and CPT tests, taking into consideration 

stress-strain levels in the soil, are discussed and adapted to these residual soils.

RESUME: Un extensive travail experimental a ete realise sur une region oil apparaissent des typiques horizons de sol saprolitique du 

granit du Porto, qui en envelloppant plusieurs essais in situ (SPT, CPT, DP, Cross-Hole, PLT, SBPT et autres). Dans cet article, on 

donne particuliere relevance aux aplications des parametres deduits des essais SPT, CPT et Cross-Hole pour classification et evaluation 

des proprietees geotechniques de ces sols. Les methodes conventionnels de classification, bases sur les proprietees indicielles, comme la 

densite index et les valeurs de N60 du SPT ou qc du CPT, ainsi comme les relations entre qc/N60 et le medium diametre des particules, 

sont questiones. L'evaluation des parametres de resistance parmis des resultats des essais SPT et CPT, et des parametres de 

deformabilite, ainsi comme les criteres de prevision des tassements en semelles qui integrent les resultats d'essais PLT et CPT, et en 

considerant les niveaux de tension-deformation dans le sol, sont discutes et addaptes au sol residuel etudie.

1 INTRODUCTION

The dominant soils in northern Portugal are residual soils from 
granite. The theoretical and practical knowledge on the 
geotechnical behaviour of these soils present still important 
limitations. Their complex and specific characteristics are 
consequence, on one hand, of the space variability and 
inhomogeneity (macrofabric) and, on the other hand, of the 
special arrangement and distribution of the soil particles and the 

associated pore spaces (microfabric).
The selected experimental site in Porto region comprises a 

saprolitic profile with an almost homogeneous weathering degree 
down to around 6m depth. An extensive and diversified 
geotechnical characterisation was undertaken, including in situ 

(SPT, CPT, DP, SBPT, Cross-Hole - CH) and laboratory testing 
over high quality block samples, as well as a load test of a 1 20m 
diameter circular concrete footing carefully instrumented.

The paper presents some correlations between parameters 

taken from the referred in situ tests and their comparison with 

the correlations for transported soils with similar grain 

distribution. Special relevance is made to indicial and typological 

classifications as well as to the evaluation of some shear strength 

and stiffness parameters currently used for shallow foundations

2 DEFINITION OF THE EXPERIMENTAL SITE AND

GENERAL CHARACTERISATION OF THE PROFILE

In order to define a most homogeneous weathering profile a 

preliminary site investigation was undertaken by means of 

dynamic probing (initially with DPSH testing and lately with 

DPL testing in a finer mesh). The selected site had an area of 

approximately 50 x 30 m2.

Figure 1 presents the results of SPT tests, performed in four 

boreholes, over depth and the variation of CPT cone penetration 

resistance with a'vo The 8 CPT tests were divided in 4 pairs, 

each of which were executed in the vicinity (1.5 m oppositelly 

aside) of the SPT boreholes. CH tests were executed between the

former SPT and CPT, in a triangular mesh with a 5 m distance 

between boreholes. From the analysis of the results it is clear that 

qc grows linearly with ct 'v o . Figure lb also includes the values of 

the maximum shear modulus (G0) obtained by the CH tests 

which reveal a very small variation with depth.

Figure 2 shows the particle size distribution and the associated 

plasticity and activity charts proposed by Vargas (1992) - based 

on Atterberg limits and clay percentages - from determinations

a) n60

Figure 1. Test results: (a) SPT; (b) CPT and CH.
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Figure 2 - Physical analysis: a) particle size distribution; b) associated 

plasticity and activity charts (Vargas, 1992).

Table 1. N atural physical indices

ys (kN/m3) e Sr (%) w (%) k (m/s)

Exp. Site 2 5 .7 -2 6 .5 0.60-0.85 70-100 1 5 -2 7 o O
n

O L/
i

Regional 25.5 -2 6 .7 0.40-0.85 60-100 1 0 -3 0 10"6 - 10-5

over SPT samples (22) as well as over block samples (10). This 

set of results reveals a fairly homogeneous soil classified as silty 

sand (SM) and silty-clayey sand (SM-SC) by ASTM D2487-85 

Furthermore, it can be observed that the points which represent 

the results of the Porto saprolitic soil lay in the space defined by 

Vargas as “saprolites of metamorphic and igneous rocks”. In 

what concerns the relative position of this soil index values to the 

author's group defined as “kaolinitic low plasticity soils” (KL), 

there is a good convergency in plasticity terms but a notorious 

divergency in the activity chart, which can be associated both to 

different clay properties or, most probably, to an underestimation 

of the clay percentage by means of classical sieving and 

sedimentation testing procedures.

Table 1 includes physical parameters evaluated over a 

substantial number of specimens taken from undisturbed block 

samples and their comparison with typical regional values (Viana 

da Fonseca et al., 1994). It should be added that the most 

frequent saturation degrees are around 90-95%, which 

correspond to very low suction levels.

Figure 3 - M icrostructural characterisation (Collins, 1985).

Figure 4. Classification chart based on CPT (Robertson, 1990)

Table 2. W eathering and void ratio indices

Index (symbol) References Values

Lixiviation index (p) Rocha Filho et al. (1985 0 .4 0 -0 .5 0

Degree o f  decomposition (X j) Collins (1985) 0 .5 9 -0 .6 3

Relative void ratio (er) Vaughan (1988) 0.28

Table 2 presents the state characterisation indices of this 

residual soil. Xj values correspond in Collins (1985) chart to the 

meta-stable zone, associated to a porous interparticle cemented 

matrix (see Figure 3). This means that this saprolitic soil is 

composed by coarse quartz grains bonded by a porous clay 

matrix resulting from the chemical alteration of the plagioclases. 

These feldspars lead to important lixiviation processes, typical of 

regions of high values of average annual precipitation and well 

drained ground profiles.

The results of CPT tests were implanted in Robertson (1990) 

classification chart as it is shown in Figure 4. It is observed that: 

(i) almost all values are situated in zones of natural 

overconsolidated or cemented materials, which correspond to 

zones 8 and 9; (ii) there is a very good agreement in terms of 

grain size distribution, since zones 5, 6, 8 and 9 correspond to 

stiff sand mixtures (silty or slightly clayey). This means that this 

classification reflects fairly well both the grain size distribution 

and the relatively high values of stiffness and strength of these 

residual soils, although being characterised by medium to high 

values of void ratios (er = 0,28, see Table 2) when compared 

with transported soils with similar physical properties.

5 10 15

Clay pe rcen tage  (%)
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Figure 5 illustrates the comparison of the range of qc/NgQ for 

the experimental site with the chart of Burland & Burbidge 

(1985) developed for sandy transported soils. The results, 

corresponding to qc/Ngg = 0.7 - 0.8 (qc, MPa), are above the 

mean trends of the charts, which is probably a consequence of 

the greater sensitivity of CPT cone resistance to the cohesive 

strength component of the residual soil. This is corroborated by 

trends identified in brazilian residual soils (Rocha Filho, 1986).

Mean grain size, nun CD 50 )

Figure 5. Correlation between qc(MPa) and Ngg - reference to 
Burland & Burbidge (1985).

3 STRENGTH PARAMETERS

From a large number of triaxial tests reported elsewhere it has 

been obtained c()' = 37 -38° and c1 = 8.6 - 11.7 kPa. On the other 

hand, the interpretation of in situ plate tests conducted to 

<[i' = 37° and c' = 6.6 kPa (Viana da Fonseca, 1996).

For the evaluation of (j)' from SPT, Decourt (1989) proposal 

was used in which (Ni)60 is defined on the basis of the effective 

octahedral stress at rest instead of a'v0. An accurate 

determination of Kq is then required.

An average value of Kq around 0.38 was obtained through the 

execution of SBPT tests whose results have been globally 

corroborated by means of Kq triaxial tests on undisturbed 

samples.

It is important to notify that Kq values from triaxial tests on 

recompacted samples, which can be associated to a normally 

consolidated condition, are about 0.41, that is, higher than those 

for the natural condition.

This trend jeopardises the direct application of Decourt's 

normalized values of (N,)60 for 4>' evaluation on residual soils. 

Bearing in mind that it is not possible to establish a direct 

association of OCR and in residual soils, in this work it was 

decided to use an unique value of in the evaluation of (N,)60.

Figure 6 shows the obtained values of (Nj)60 which reflect a 

variation of cf)' between 36° and 41°. The average values of (j)' is 

around 39° which is very close to the values obtained by other 

tests. These late test results indicate, however, the presence of a 

non negligible effective cohesion intercept.

In ' = 41° I

■ "■ w
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a
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Figure 6. Evaluation of <(»' by (Nj)go (Decourt, 1989).

The evaluation of the angle of shearing resistance through 

Robertson & Campanella (1983) proposal, based on CPT results, 

is presented in Figure 7. The obtained results are high (<(>' = 44- 

46°) when compared with the abovementioned evaluations. This 

reflects the simultaneous sensitivity of qc towards friction and 

cohesive components of the shear strength. It can be concluded 

that it will be hardly feasible to obtain well fundamented shear 

strength parameters since the current proposals for sands are 

exclusively frictional. It has to be enhanced that the cohesive 

parcel has strong influence on shallow foundations bearing 

capacity evaluation by which these terms of strength 

characterisation must be criteriously undertaken.

Figure 7. Evaluation of (j)' by means of qc versus a '0 (Robertson & 

Campanella, 1983).

4. DEFORMABILITY PARAMETERS

4.1 Correlations between qc (CPT) and Gq  (CH)

From the correlations between qc and Go (see reference 

elsewhere, Viana da Fonseca, 1996) this soil seems to reveal a 

very low dependency of elastic stiffness values with the increase 

of cone resistance with depth, being G0 values fairly higher than 

correspondent values of qc. This trend is a consequence of a 

higher stability of naturally cemented soils elastic matrix towards 

at rest effective stress states, than what is revealed by higher 

stress-strain levels deformation moduli or, even mostly obvious, 

by strength properties, as it is the case of CPT cone resistance

4.2 Back-analysis o f  a footing  load test considering both 

constant and linear increase o f  the modulus with depth

The experimental investigation included a test of a circular 

concrete footing of 120 cm diameter loaded to failure and 

carefully monitored. For the establishment of a serviceability limit 

state load Decourt (1992) criterium - based on the Code of 

Boston - was chosen. From this load value, which corresponds to 

a settlement of 0.75% of the loading area diameter, and the ones 

corresponding to different global safety factors towards bearing 

capacity failure, it is possible to calculate through elastic solution 

the related secant moduli (included in Table 3)

Table 3 - Secant deformability moduli back-calculated from the footing 

load test

Load criteria s/B= 0.75%

oIIV)
U
- Fs = 5 Fs = 2

Es (MPa) 17.3 20.7 17.5 11.0

Considering CPT results, which reveal an increase of qc 

values over depth (see Figure lb), a convergence analysis, based 

on elastic solution, was made by admitting the settlement centre 

concept The procedure was based on Burland & Burbidge 

(1985) proposal for evaluation of the the depth of influence as a 

function of the degree of inhomogeneity, E()/kD.
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Admiting the proportionality between the design modulus E 

and qc, expressed by a  (=E/qc), the variation law of the modulus 

with depth will be expressed by:

£(MPa) = E 0 + k ■ z = a. qc = a  ■ (4.68 +1.47 • z, m)

Therefore, it is feasible to deduct the degree of 

inhomogeneity, Eq/IcD, which enables to determine the position 

of the settlement centre from Burland & Burbidge chart. 

Associating the value of qc for that depth with the secant 

deformability modulus back-analysed from the footing load test, 

the value of a  becomes equal to 3 and 4 for global safety factors 

of around 5 and 10, respectively. The former value (a=3) is very 

consistent with the adopted serviceabilty limit criterium, although 

it can involve significant plastification in the ground (confirmed 

by numerical elasto-plastic analysis).

The linear increasing of the deformability modulus with depth 

can be obtained by the expression presented above, admitting a 

proportionality between E and qc.

The method of Schmertmann et al. (1978) for settlement 

evaluation was considered, combining the proposed strain 

influence factor diagrams with the variation of E over depth. It 

has to be noted that this approach introduces a stiffness 

nonlinearity in spite of being based on an unique equation on E. 

This formulation applied to the footing load test results, 

considering applied stresses up to moderate levels (Fs around

2.4, q = 400 kPa), revealed excellent convergence between 

calculated and experimental load-settlement curves for a  equal to

4.5, with the actual nonlinear response amazingly well retreated 

(Figure 8).

This value of a, which is somewhat higher than the ones 

commonly considered for normally consolidated sandy 

transported soils, is certainly due to the natural structural factors, 

associated to relicar interparticle cementation and fabrics of 

residual soils. Robertson & Campanella (1988) had already stated 

that a  values could be as high as 3.5 to 6.0 or 6.0 to 10.0, for 

aged normally consolidated and highly overconsolidated sandy 

soils, respectively. On the other hand, brazilian conclusions over 

the coefficients to be applied to these elastic or pseudo-elastic 

solutions for settlement evaluation in residual soils are in strict 

accordance with these evidences (Rocha Filho, 1986).

Figure 8 Settlement prediction of the footing load test using CPT 

results and adapting Schmertmann et al. (1978) coefficients.

CONCLUSIONS

1 In situ testing has special relevance on the evaluation of 

mechanical properties of residual soils. Parametric correlations, 

originally develloped for transported soils with similar physical 

indices, between penetration testing results, such as SPT and 

CPT, and geotechnical characteristics like deformation and 

strength parameters have to be adapted to residual soils.

2. Indicial and typological classifications based on CPT 

results, as for instance Robertson (1990) proposal, identify very 

realistically the cementation and fabrics, as well as the stiffness 

and strentgh reserve of the residual soil. Correlations between

qc-CPT and n s p t  give higher values than the ones commonly 
found for transported soils of similar grain size distribution.

3. The evaluation of <)>' from (N {) 60 gives values close to the 

ones obtained by back-analysis of loading tests, although it 

doesn't reflect the presence of the significant effective cohesion 

contribution. On the other hand, the evaluation of the angle of 

shearing resistance through CPT leads to high values, because it 

reflects the simultaneous sensitivity of qc towards frictional and 

cohesive components of the shear strength.

4. On the deformation parameters, the relations between Gq 

and qc are higher than the correspondent for transported soils, 

even for highly overconsolidated or cemented soils. The elastic 

back-analysis of a footing loading test, considering CPT results 

and the relation between deformability modulus E and qc 

expressed by a  (=E/qc), determined that the best correlation 

factor will range between 3 and 4, for the current values of the 

global safety factors. Schmertmann et al. (1978) method for 

settlement evaluation has revealed excellent convergence 

between the calculated and experimental curve for a  values of 

about 4.5, being the nonlinear response very well retreated.
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